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I. INTRODUCTION 
A. Statement of the Problem 
Earlier work (99) demonstrated that ~-dihydropyran-6-cl4 (I) 
in contact with alumina at 350° undergoes a rearrangement to give a 
roughly equimolecular mixture of the starting material and ~2-dihydro­
pyran-2-c14 (II). 
0 + 0 
I I II 
The research described in this dissertation was undertaken to 
determine whether ~2-dihydropyran under the conditions that lead to 
the above isomerization exchanges its oxygen and (or) its hydrogen. 
Answers to these questions were obtained by methods making use of 
oxygen-18 and tritium. 
The following pages present relevant background material, de-
scribe the experiments performed in a general and also in a detailed 
manner, and analyze the experimental results as they bear on the 
question of possible mechanistic pathways. 
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B. Background 
1. Rearrangement of Tetrahydrofurfuryl lcohol over Hot lumina 
In 1933 Paul (77) observed that tetrahydrofurfuryl alcohol (III) 
in contact with alumina at 370-380° undergoes dehydration and ring 
expansion to afford fi2-dihydropyran (IV). ssuming that the first 
370-380° 0 
III IV 
step involves the removal of the hydroxyl group from the alcohol by the 
alumina to form a carbonium ion, V, Paul suggested that the rearrange-
ment occurs by rupture of the bond between the heterocyclic oxygen and 
carbon-2, followed by bond formation between this oxygen and the external 
methylene carbon. If this is the case, this methylene group should 
~o 
v IV 
appear next to the heterocyclic oxy er1 of the resulting dihydropyran. 
Paul's suggestion was tested and confirmed in these laboratories 
(60) by carbon- 14 tracer studies as shown in the formulation VI to II. 
3 
1,203 0 0 
-3-0-0--3 ..... 60~0--..:> * .,_ 
0 
* · . 
0 
VI I II 
Oddly enough, however, the radioactive methylene carbon of tetraliydro-
furfuryl alcohol appeared not only in the 2 but also in the 6-position 
of dihydropyran in approximately equal proportions. This distribution 
of radioactivity could be the result of a process occurring before 
formation of 62-dihydropyran, that is at an intermediate stage of the 
rearrangement of tetrahydrofurfuryl alcohol. Alternatively, the 
distribution of the carbon-14 label could be the result of a secondary 
process operating on dihydropyran after its formation by rearrangement 
of the alcohol. 
2. Rearrangement of 62-Dihydropyran over Hot Alumina 
The possibility of a secondary process operating on dihydropyran 
after its formation from tetrahydrofurfuryl alcohol was investigated 
by Stouffer (99). Explicitly, an answer to the following question 
was sought. Can the rearrangement of I to II take place under the 
.o .o 
I II 
4 
conditions of formation of ~-dihydropyran from tetrahydrofurfuryl 
alcohol? Formation of a mixture of starting material and A2-ctihydro-
pyran- 2- cl4 when 6 2-dihydropyran- 6- cl4 was exposed to alumina at 350° 
gave a positive answer to the above question. Accordingly, it is 
possible that the labeled methylene group of tetrahydrofurfuryl 
alcohol (VI) appears originally at position 2 of the first-formed di-
hydropyran, which then undergoes a subsequent rearrangement resulting 
in the equilibrium mixture indicated above. 
After the establishment of the rearrangement of dihydropyran 
itself over hot alumina, all efforts in these laboratories have been 
aimed at gaining an insight into the mechanism of this reaction. 
Information on this rearrangement would be welcome not only because 
the process is interesting as such, but also because such information 
could help in understanding the conversion of tetrahydrofurfuryl 
alcohol to A2-ctihydropyran. 
3. Postulated Mechanisms for the Rearrangement of 62- Dihydropyran 
McLeod (61) and Stouffer (99) considered two kinds of paths 
leading to rearrangement of dihydropyran over hot alumina. The first 
involves a movement of the unsaturation around the carbon skeleton of 
the molecule; the other assumes transfer of the double bond from one 
side of the molecule to the other by routes which do not reach the 
carbon to hydrogen bonds at position 4. The several pathways are 
illustrated and discussed below. 
A) 
B) 0 ~Hiil 
!~ 
0 
-H 
---~ 0 
In the paths designated as A and B, alumina is regarded as a source 
5 
of protons. Path A involves formation of a carbonium ion by addition 
of a proton at position-2, followed by a series of 1,2 intramolecular 
hydride shifts and final ejection of a proton from position-6. The 
initial step in path B involves fo~ation of the same carbonium ion 
as in path A, except that the double bond migrates stepwise via 
successive additions and removals of protons and formation of 6 3-dihy-
dropyran as an intermediate. An immediate reservation as to the plau-
sibility of these two mechanisms arises from the fact that the original 
protonation occurs at carbon-2 rather than carbon-3, the expected point 
of attack in such a vinyl ether system. Actually, in aqueous acid 
media ~2-dihydropyran is converted to 5-hydroxypentanal, VII, and not to 
6 
0 HOH ) H~ 
VII 
3-hydroxytetrahydropyran. Nonetheless, an experimental check to support 
or to eliminate the possibility of attack at position-2 was decided, 
and was in fact obtained as part of the present investigation. 
Details of the two pathways whereby the double bond can move 
across the ring without following the carbon chain are given in the 
postulates C and D: 
C) 0 
D) 0 
AI 
/' 
('! 
~;(H 
\ I 
Ale 
I \ 
0 
D 0 /.q 
'Ale.....; 
/ ' 
7 
The initial step in paths C and D involves addition of a proton at 
3-position, as expected from a vinyl ether system. In path C, the 
migration of the double bond is the result of an intramolecular hydride 
shift from the 6 to 2-position followed by ejection of a proton from 
5-position. Path D involves opening of the dihydropyran ring and for-
mation of symmetric intermediates containing both the heterocyclic 
oxygen and oxygen from the alumina. A hydride shift similar to that 
encountered in path C, followed by ring closure can then result in 
dihydropyran with its original double bond shifted to the other side 
of the molecule . Hydride shifts such as those illustrated in mechanisms 
C and D are known (4,65,86,87,111,130,132). Path D is reminiscent of 
the Oppenauer and Meerwein-Po~dorf-Verley processes (22, 133), in 
I I I I 
- C-Ji-- C 
~I lh (: 0 OS 
'tl/ 
C H-C-
11 I 
eo / o 
' ft 
/ ..... / ' 
which an oxidation-reduction occurs between an alcohol and an al-
dehyde or ketone under the influence of aluminum alkoxide. 
The reaction path to be tested first was the one designated as 
8 
B, which predicts a stepwise migration of the double bond with for-
mation of A?-dihydropyran as an intermediate. Stouffer (97) f ound 
that ~-dihydropyran in contact with alumina at 350°, does not give 
62-dihydropyran. Mcinnis (59), who examined the A3-ctihydropyran 
process more closely, was able to isolate only 1,3-butadiene and 
carbon dioxide. Therefore, this mechanism should be ruled out. 
The task of the present research was to test the remaining 
postulated mechanisms. Although attention is focussed on these four 
pathways, the a priori possibility of still other mechanisms must be 
kept in mind. The experimental approach and the results are described 
in the following Section. 
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II. DISCUSSION OF EXPERIMENTS 
A. Approach 
The question to be answered in the research was whether or not 
the rearrangement of A2-dihydropyran over hot alumina proceeds with 
oxygen and (or) hydrogen exchange. 
From the earlier postulated and untested reaction paths (see 
preceding Section), the one designated as D involves opening of the 
dihydropyran ring, and thus predicts exchange of its oxygen for that 
of alumina. Therefore it was decided to gather evidence for or 
against this mechanism by exposing dihydropyran labeled with oxygen-18 
to rearrangement conditions. Assuming that path D is the only 
operating mechanism and provided that the ratio of alumina to di-
hydropyran is kept large, the result of an equilibrium distribution of 
all exchangeable oxygen in the system would be a product with virtually 
none of its original label. On the other hand, retention of the oxy-
gen-18 in emergent dihydropyran would automatically rule this mechanism 
out. 
All four of the postulated mechanisms require addition and re-
moval of protons originating in the alumina. Therefore, the obvious 
approach for testing this requirement was to expose dihydropyran to 
alumina which had been pretreated with tritiated water, and trace the 
activity in the product. If the fate of the heterocyclic oxygen is 
known (see above), the location of the tritium in the emergent di-
hydropyran can serve as supplementary evidence for or against some of 
10 
the suggested reaction paths. Thus, appearance of tritium at 3 and 
5-positions would be consistent with pathways C and D. A decision 
between the latter could then be made on the basis of the oxygen-18 
results. On the other hand, appearance of tritium at positions 2 and 
6 of the rearranged product, combined with absence of oxygen exchange 
would favor mechanism A. Although pathway B has already been tested 
and discarded (page 8 ), it should be mentioned that it predicts dis-
tribution of tritium throughout the molecule. 
The approach with tritium is based on the assumption that the 
protons are supplied by the alumina which acts as a heterogeneous 
catalyst. This assumption could be tested by exposing a mixture of 
~2-dihydropyran and tritiated water to the rearrangement temperature 
of 350° in absence of alumina. Tritiation of dihydropyran in presence, 
and non-tritation in absence, of alumina would establish the catalytic 
action of the latter. 
The following pages describe the experiments designed to carry 
through the approach outlined above, and discuss individual results. 
11 
B. Summary of Experiments 
The present research may be divided in two major parts, the first 
of which deals with the synthesis and rearrangement of ~2-dihydropyran­
o18 over hot alumina, and the second with the tritiation of dihydropyran 
over alumina pretreated with water-H3. A third minor part involves 
exposure of a mixture of dihydropyran and water-H3 to the rearrangement 
temperatures in absence of alumina. 
To ensure that no differences existed in the experimental condi-
tions leading to int rchange of the 2 and 6 positions and those used 
in testing oxygen exchange, the two processes were combined. A mixture 
of A2-dihydropyran-o18 and b2-dihydropyran- 6- cl4 was passed over hot 
alumina and the product was examined both for carbon-14 displacement 
and for oxygen-18 exchange. Formulations VIII - XIV summarize the 
synthesis of b2-dihydropyran-o18• The carbon-14 was introduced at an 
intermediate stage by mixing 5-he~ n-l-ol-l-c14 (*) with 5-hexen-l-ol-
o18 (XII) and converting the mixtur to the doubly labeled dihydropyran 
shown in formulation XIV. Tetrahydrofurfuryl alcohol (III) was 
Q cH20H SOC12 ·OH2c1 Py 0 
III VIII 
(IX) PBr;2 ~ CH2=CHCH2CH2CH2Br 
Py 
X 
( *) A sample prepared by Stouffer. 
Na 
IX 
CH2=CHCH2CH2CH2{gBr 
XI 
CH2=cHCH2cH2CH2MgBr 
XI 
(XIII) 
.Q 
XIV 
CH2=CHCH2CH2CH2CH2o
18H 
XII 
12 
converted to the corresponding chloride (VIII) with thionyl chloride 
in pyridine. On treatment with sodium, this chloride afforded 4-penten-
1-ol (IX) which with phosphorus tribromide in pyridine was converted 
to 1-bromo-4-pentene (X). At this point in the reaction sequence the 
isotopic oxygen was introduced into the molecule. This was accomplished 
by treating the Grignard reag nt from the above bromide with formal-
dehyde-ol8. Hydrolysis of the latter reaction mixture afforded 
5- hexen-l-ol-o18 (XII). This alcohol was ~d with a small amount of 
5- hexen-l-ol- l-c14 and the mixture was converted through ozonolysis to 
5-hydroxypentanal (XIII) which was then d hydrated to give 62-dihydro-
pyran-6- cl4-ol8 (XIV). 
After d termination of its oxygen-18 content and total radio-
activity, the doubly labeled dihydropyran was exposed to alumina at 
approximately 350°. The results of this reaction ar shown in the 
13 
formulations XIV to XV. Under conditions which resulted in an equal 
XIV XV(49% o18 lost) 
distribution of radioactivity b tween 2 and 6-positions, the re-
arranged product had xchanged half of its original oxyg n-18. The 
total radioactivity of the product was determined aft r hydrolysis to 
5- hydroxypentanal, XVI, by counting the thiosemicarbazone derivative 
of the latter, XVII. The d gradation scheme followed in locating 
H~~ > [* 0 HO ] -H....:Zffl:::..-._H~_'NH._.;:;2+> '·,.0 H=NNH3NH2 
XVI XVII 
the radioactivity in the rearranged dihydropyran is illustrated in the 
f ormulatkas XV to XXI. Ozonolysis converted dihydropyran to the 
.o 
0 
02 , [(?:!] H~ • [C~:o] 
XV / XVIII 
2, 4-dinitropheny lhydrazone ~ [ HOCH2CH2CH2CHOJ + ( H~OO) 2Zn· 2H;!J 
XXI XX XIX 
formyl ester XVIII, which was hydrolyzed directly to formic acid 
(isolated as zinc formate dihydrat , XIX) and 4-hydroxybutanal, XX 
(isolated as its 2,4- dinitrophenylhydrazone d rivative, XXI). 
14 
The possibility of hydrogen exchange during the rearrangement 
of ~2-dihydropyran was investigated by exposing a mixture of unlabeled 
dihydropyran and tritiated water to alumina at approximately 350°. 
The results of this experiment are summarized below. Degradation and 
350° 
0 + H~O ) 
XXII 
determination of activity in the fragments showed that tritium had 
been introduced almost exclusively at positions 3 and 5 of the starting 
material. The degradation scheme employed in locating the tritium is 
illustrated in the formulations XXII to XXX. Tritiated dihydropyran, 
zn ~ecHO] HOH) 
OH 
XXIV 
+ 
1 1 
Thiosemicarbazone (HCoo)zzn.2H2o 
XXVI 
15 
XXII XXVII XXVIII XXIX 
I 
l.Na/MeOH 
2.HOH/OH-
HOOCCH2CH2CH2COOH 
XXX 
XXII, was converted to 3-bromo-~-d.ihydropyran, XXIII, through 
bromination followed by removal of hydrogen (tritium) bromide. 
Approximately one half (54%) of the tritium activity was lost when 
the hydrogen at position 3 was replaced by bromine. Ozonolysis of 
dihydropyran-H3 and subsequent hydrolysis afforded 4-hydroxybutanal, 
XXIV (isolated as its thiosemicarbazone derivative), and zinc 
formate dihydrate. The former contained most of the original 
activity (73%) whereas the latter contained very little (1.6%). 
Activity unaccounted for by the ozonolysis fragments was lost from 
the aldehydic hydrogen of 4-hydroxybutanal, and was found in the 
water employed in the hydrolysis process. This was indicated by 
the activity (0.3%) found in the water of crystallization of the 
zinc salt (XXV XXVI). Calculations showed that the total activity 
of the water recovered from the decomposition of the ozonide amounted 
to approximately 26% of the activity of dihydropyran-H3, namely to 
the percentage missing from the ozonolysis fragments. Finally, 
6 2-dihydropyran-H3 was oxidized to glutaric acid-H3, XXVIII 
(through the 5-hydroxypentanal, XXVII), the latter was converted to 
methyl glutarate- H3, XXIX, which was then treated with methanolic 
sodium methoxide in order to remove tritium from both «-positions. 
After a prolonged treatment, the ester was saponified to afford 
completely inactive glutaric acid (XXX). Since hydrogen beta to 
carbonyl group does not exchange (135) the absence of tritium at 
position 4 of the rearranged dihydropyran was proved. 
16 
A mixture of 62-ctihydropyran and tritiated water was exposed 
to 350° over glass wool. Failure to observe even a trace of tritium 
in the dihydropyran product proved that alumina is involved as a 
catalyst in the hydrogen exchange process. 
17 
C. Synthesis of ~2-Dihydropyran-o18 
1. Preparation of Tetrahydrofurfuryl Chloride 
Py 
Tetrahydrofurfuryl chloride was prepared by Kirner (46) in 75% 
yield by treatment of tetrahydrofurfuryl alcohol with thionyl chloride 
in presence of an excess of pyridine. Brooks and Snyder (12) repeated 
Kirner's preparation and report in Organic Syntheses yields varying 
from 70 to 75%. The procedure followed in this research was 
essentially that of Brooks and Snyder as adapted by touffer (103). 
Although in two preparations the yield of tetrahydrofurfuryl chloride 
was 70-71%, two earlier attempts had given much poorer results 
(45-47% ). It is believed that the responsibility for the low yields 
lies in the formation of a pasty massive solid about halfway through 
the addition of the thionyl chloride and, consequently, poor mixing. 
The formation of this solid is reduced to a minimum by carefully 
maintaining the internal temperature at about 40°, and applying 
vigorous stirring throughout and after the addition of thionyl chloride. 
2. Preparation of 4-Penten-1- ol 
The following two possibilities were considered: 
18 
b. M 
The first reaction scheme (a) is based on the discovery of Paul 
(77) that tetrahydrofurfuryl halides may undergo· ring opening when 
treated with magnesium or sodium. The Grignard reagents which form 
when magnesium is employed are relatively stable at ordinary temperatures, 
but they decompose at about 100-110° to form 4-penten-1-ol. When sodium 
is used, the same product is obtained in a rapid exothermic reaction 
which can be controlled only at low temperatures. In the present work, 
tetrahydrofurfuryl chloride was used as the starting material and the 
ring was opened with granular metallic sodium by following the procedure 
of Brooks and Snyder (12) as adapted by Stouffer (104). The yield of 
the product was 78-81% as compared to 75% obtained by Stouffer. 
The same alcohol was obtained in about 61% yield from a reaction 
of allylmagnesium chloride and ethylene oxide (scheme b) by Kharasch 
and Fuchs (44), who found it necessary to employ a one- hundred plate 
fractionating column to purify the product. In the present work, this 
compound was prepared in 75% yield by employing a two foot Vigreux 
column. This yield is higher than the over-all yield obtained in the 
two step preparation leading from tetrahydrofurfuryl alcohol to 
4-penten- 1- ol (81 x 71 = 57%) . Although this reaction proceeds 
smoothly, vigorous mixing is necessary to prevent the ethereal sus-
pension of the solid Grignard reagent from coalescing into a compact 
mass. The refractive index of the alcohol obtained by this procedure 
was nn25 1.4289, which, although lower than that reported by 
19 
Kharasch and Fuchs (nn25 1.4299), was identical with the refractive 
index of the product obtained from tetrahydrofurfuryl chloride, and 
comparable to that reported by Stouffer (nn25 1.4291). 
A possible by-product in the second method may form by the 
following sequence of reactions: 
CH
3 
CHO _1_. _c_Hz-_-~C~H:-CH_2J_1_Cl~ 
2. HOH/H~ CH3yHCH2Ctl-CH2 OH 
lthough acid conditions and heat are required for conversion of the 
epoxy compounds to aldehydes (3), the possibility of formation of 
some of the latter, at least in commercial preparations, should not 
be excluded. 
3. Preparation of 1-Bromo-4-pentene 
The preparation of 1-bromo-4-pentene from 4-penten-1-ol and 
phosphorus tribromide in pyridine has been described by Juvala (41), 
Gaubert, Linstead and Ryden (26) and Kharasch and Fuchs (45). The 
forementioned authors allowed a solution of the alcohol in pyridine to 
add slowly into phosphorus tribromide. By reversing the mode of 
addition, LaForge, Green and Gersdorff (50) succeeded in increasing 
the previous yields (60-70%) to about 81%. In the present research, 
the procedure followed was essentially that of Gaubert, Linstead 
and Rydon as adapted by Stouffer (105). This procedure was slightly 
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modified by diluting the reaction mixtur with ether in order to 
secure a fine dispersion of the solid formed and, consequently, better 
mixing. The reaction proceeds smoothly and the product is readily 
isolated by distilling the crude product directly from the reaction 
flask. However, caution should be exercised in this distillation 
because the escaping vapors tend to ignite spontane ously, especially 
near the end of the operation. ppearance of thick white fumes in 
the condenser should serve as a warning for interruption of the 
process. The yield of the pure product obtained in the present work 
was 74% as compared to 65% reported ,by Stouffer. 
4. Preparation of 5-Hexen-l-ol-ol8 
Existing procedures fer preparing 5-hexen- 1- ol, combined with 
known methods of introducing oxygen-18 functions t o organic compounds, 
suggested several alternative routes leading to the synthesis of 
18 5- hexen-1-ol • 
Lyle, DeWitt and Pattison (55) reported briefly the preparation 
of 5-hexen-1-ol in 61% yield from a reaction of the Grignard reagent 
obtained from 1-bromo-4-pentene with formaldehyde, as shown in the 
scheme designated as A. The procedure followed by these authors was 
A) 
similar to that reported by Juvala (41) for the preparation of lower 
homologs of the same series. Employment of formaldehyde-o18 in 
procedure A can lead to the labeled alcohol. This kind of reaction 
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usually requires an excess of formaldehyde, which means a waste of 
labeled material. However, preliminary experiments established 
reaction conditions that gave the alcohol in 78% yield based on the 
amount of formaldehyde employed. This method, the one finally 
selected, will be discussed in detail after a brief review of other 
feasible schemes. 
Exchange of the oxygen of the readily accessible 5-hexen-1-ol 
for oxygen-18 might be accomplished by the reaction scheme designated 
as B. Unlabeled hexenol can be readily converted to its £-toluene-
sulfonate by reaction with E-t oluenesulfonyl chloride in pyridine. 
B) 
This ester was prepared in these laboratories in 82% yield (see 
Appendix, page 246) by an adaptation of the general procedure des-
cribed by Timson (111). Since alkaline hydrolysis of esters of the 
above type is known to occur by fission between oxygen and alcoholic 
carbon (21, 81), employment of water-o18 should give the labeled 
alcohol as indicated in scheme B. At first sight, this method appears 
to involve two additional steps as compared to procedure A. However, 
it should be taken under consideration that in method A formaldehyde-
alB has t o be independently prepared from water-ol8, which in scheme 
B can be used directly and in the very last step. If the yield of the 
alcohol obtained from alkaline hydrolysis of the E-toluenesulfonate 
proves to be satisfactory, this method can be very promising. 
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Stouffer (106) prepared 5-hexen-1-ol in 83% yield by carbonation 
of the Grignard reagent obtained from 1-bromo-4-pentene and subsequent 
reduction of the adduct with lithium aluminum hydride. Employment of 
carbon dioxide-o18 (obtained from equilibration of unlabeled carbon 
dioxide with water-ol8) in the combonation step would lead ultimately 
to 5-hexen-l-ol-o18 as shown in scheme C. 
Several methods for preparing carboxylic acids labeled ~dth 
oxygen-18 are described in Organic Syntheses with Isotopes by Murray 
~~d Williams (71). A relatively simple procedure involves direct 
exchange of carboxylic oxygen by treatment of the unlabeled acid 
with water- o18 in presence of a catalytic amount of a mineral acid, 
as described by Roberts and Urey (85). A mechanism similar to acid 
catalyzed esterification of carboxylic acids can be written for this 
exchange as follows: 
+ H- A 
OH OH 
' ' + H.i)l8 R-C-QH ~ R-C-QH 
~ 
' H-018 
' H 
OH 
R- C-QH 
(£l 
OH 
e 
.....:.:....a. R-C-QH ~
' ol8H 
+ 
0 
" -H 0 ~ R- C-o18H 
The reversibility of all steps involved in this process will eventually 
result in an equilibrium distribution of the label at all oxygen 
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positions. Therefore, process C can be simplified by preparation 
and isolation of unlabeled 5- hexenoic acid, equilibration of the latter 
with water-o18 and final reduction with lithium aluminum hydride as 
illustrated in scheme D. In employing this method, a problem could 
arise because of acid catalyzed lactonization of 5-hexenoic acid .Yet , 
LiAlH 3 ) 
cyclization to J -lactone could prove slower than the oxygen exchange 
and, therefore, need not complicate the process. 
The synthesis of 5- hexenoic acid has also been accomplished (53) 
by the following sequence of reactions : 
l.Hg 
2 . CH~ PBr3 CH -cHCH Cl ~v CH,.,:CHCH2CHnl'\H pY > CH,.;;:.CHCH2CH2Br 2- 2 3.HOH/H$ ~ cv ~ 
47% 78% 
l.CH2(COOEt)2 
CH2=cHCH2CH2Br 2• H~~~~~e ~ CH2=CH(CH2)2CH(COOH) 2 ~e CH2=cH(CH2)3COOH 
88% 100% 
llylmagnesium chloride and formaldehyde afforded 3- buten- l-ol, which 
was converted to 1- bromo- 3-butene with phosphorus tribromide in 
pyridine. The bromide was used in a malonic ester synthesis which 
afforded 3- butenylmalonic acid, and the latter was decarboxylated to 
give 5- hexenoic acid. vlith the exception of the first step, the 
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subsequent reacticns afforded guod to excellent yields (see illus-
tration). 
LaForge, Green and Gersdorff (50) reported the preparation of 
5-hexenoic acid bj the f ollowing sequence of reactions: 
E) 
Reaction of 1-bromo-4-pentene with potassium cyanide afforded 4-
pentenylnitrile in 88% yield. By alkaline hydrolysis (20% aqueous 
potassium hydroxide ) the nitrile was converted to 5- hexenoic acid in 
89% yield. Obviously, if water-ol8 is employed in the hydrolysis of 
the nitrile the product will be 5- hexenoic acid-ol8, which can be re-
duced with lithium aluminum hydride to afford the labeled alcohol. 
This process is shorter than the schemes designated as C and D. 
Proceduve is recommended for future work, especially if both carbon-
14 and oxygen-18 are necessary. This can be accomplished by employing 
potassium cyanide-c14 in the reaction with 1-bromo-4-pentene, and 
using water-ol8 in the hydrolysis of the nitrile. 
The method followed in the present research involved scheme A. 
It was felt that if formaldehyde-o18 could be prepared in good yields, 
the preparation of 5-hexen-l-ol-ol8 would be a one-step process. 
Since in reactions with Grignard reagents the formaldehyde used 
is produced by heating its solid polymeric form, the problem was to 
prepare solid paraformaldehyde-ol8. Polymeric forms of formaldehyde 
are known to depolymerize and eventually dissolve in boiling water (120). 
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The solutions so obtained contain monomeric formaldehyde largely in 
its hydrated form (methylene diol) in equilibrium with traces of non-
hydrated formaldehyde and a varying number of polymeric hydrates of 
short chain length. At high temperatures freshly prepared solutions 
contain primarily the monomeric forms, while at low temperatures and 
after prolonged storage the polymeric hydrates seem to predominate 
and eventually precipitate. Paraformaldehyde can be recovered from 
these solutions by vacuum distillation of the water at low temper-
atures. This is based on the fact that the vapor pressure of 
formaldehyde decreases sharply at low temperatures (Rault's and Henry's 
laws are not obeyed) because of increasing hydration and also in-
creasing formation of polymeric hydrates. It seemes, therefore, 
feasible to insert oxygen-18 in paraformaldehyde by dissolving 
commercial material in boiling water-ol8 and subsequently removing 
water from the equilibrium mixture. ssuming that complete depoly-
mmerization occurs, the equilibrium concentration of oxygen-18 in the 
product should depend on the mole ratio of water-o18 to paraformaldehyde 
employed. In the present work, ten moles of water-o18 (1.65 excess-
at brm per cent ol8) were used per mole of formaldehyde. A period of 
approximately 3 hours was required for complete dissolution of the 
polymer at the reflux temperature of the mixture. Paraformaldehyde-o18 
was obtained in nearly 90% yield by vacuum distillation of the water. 
Although this compound was not analyzed directly for oxygen- 18, the 
concentration of the latter was deduced from analysis of the derived 
5- hexen- l - ol-ol8, which showed that heavy oxygen had been introduced 
26 
to an extent of approximately 0.57 excess atom per cent (normal 
abundance 0.204 atom per cent ) . This value was smaller than the 
theoretically expected concentration of about 1.5 excess atom per cent 
calculated on the basis of the oxygen- 18 content of the water, and 
on the assumption of a complete equilibration of all oxygen present 
in the solution of depolymerized paraformaldehyde. The possibility 
of an isotope effect, either equilibrium (in the exchange process) 
or kinetic (in the Grignard reaction), being responsible for the 
results obtained seems to be very remote. The ratio of specific rate 
constants for reactions involving heavy oxygen over those with common 
oxygen is of the order of 0 . 93 to 0.98 (15), and the equilibrium 
isotope effect is even smaller (19, 90). Another reason for no 
kinetic effect in the Grignard reaction is that the process was taken 
to completion. A possible explanation for the observed low exchange 
is that the original polymer did not depolymerize completely, so 
that fragments of low molecular weight (small enough to be soluble) 
dissolved as they formed without further depolymerization. These 
fragments contain nonexchangeable ethereal oxygen. This explanation 
was supported by results obtained in these laboratories after the 
completion of the present work. 1alinou (56) repeated the preparation 
of paraforma~dehyde-o18 under similar conditions and found that the 
product contained approximately 1.36 excess atom per cent oxygen- 18, 
or almost 91% of what was expected from the theory. The essential 
difference between this and the earlier preparation lies in the fact 
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that 1alinou dissolved commercial parafor.maldehyde in ordinary water 
(three hour treatment), recovered the unlabeled polymer and then 
redissolved it in water-ol8. It is possible that the chain length 
of the original polymer became smaller after the first treatment, 
as indicated by the fact that the recovered unlabeled paraformaldehyde 
dissolved in the heavy water within 15 minutes as compared to the 
three hours required for the dissolution of the commercial material 
used in the present work. 
In Grignard reactions with formaldehyde, the latter is generated 
and introduced into the reaction flask by heating paraformaldehyde in 
a separate container to about 160°. Since gaseous formaldehyde has 
a tendency to repolymerize when it comes i n contact with the cooler 
parts of the assembly, an excess of parafo~aldehyde is usually em-
ployed. In several preliminary experiments the optimum molar ratio 
of alkylmagnesium halide to formaldehyde was found to be approximately 
1 :1.5. Large excess of fo~ldehyde may lead to further reaction of 
the latter with the already formed Grignard adduct, to give the 
formal of the alcohol. In two preliminary experiments in which a 1:2 
molar ratio of 4- pentenylmagnesium bromide to formaldehyde had been 
employed, only one half of the final product was 5-hexen-1- ol and the 
other half was the formal pf this alcohol .(identified by analysis and 
acid hydrolysis, which afforded the alcohol along with fo~aldehyde). 
2B 
In another experiment with even larger excess of formaldehyde, formal 
was the exclusive product. 
In the experiment with labeled formaldehyde the objective was 
to establish conditions such as to lead to the preparation of the 
labeled alcohol in good yields, based on formaldehyde rather than 
the bromide. In order to utilize as much formaldehyde-alB as possible, 
the assembly shown in Fi g. l (page 10~ was devised. All parts of the 
gas delivering system were maintained at approximately 160-170°; 
including the inlet tube introducing the reagent into the reactioq 
flask. In order to avoid undesirable deposits of magnesium salts 
and, consequently, plugging of the delivering system, the tip of the 
inlet tube was maintained slightly above the surface of the reaction 
mixture throughout the operation. An excess of Grignard reagent was 
employed in order to secure complete reaction of the formaldehyde-alB 
and exclude the possibility of formal formation. The yield of 5-
hexen-l- ol-olB obtained was 78% based on labeled paraformaldehyde. 
5. Preparation of 62-Dihydropyran-olB 
With 5-hexen- 1-ol-olB already prepared, the next step in the 
synthesis of ~-dihydropyran-o1B involved cleavage of the terminal 
double bond of the alcohol, followed by dehydration of the resulting 
5-hydroxypentanal as formulated below. 
CH;f'CH( CH2) 4o18H .JQ4 [ D=CH( CH2)4018H ...-' Q OJ ~ 
Stouffer (107 ) prepared 6f-ctihydropyran in 47% yield by ozonolysis 
of 5- hexen-l-ol, decomposition of the ozonide with water and zinc, and 
subsequent dehydration of the crude 5- hydroxypentanal at 285-315° in 
the presence of a piece of porous clay plate. Although catalytic 
action of the latter was not indicated, the reported yields (107) in 
absence of clay were lower. In the present work, the yields of di-
hydropyran obtained by following touffer's procedure varied from 40 
to 44%, and were the same whether or not a piece of clay plate had 
been employed. The low yields of dihydropyran necessitated a pre-
liminary study of the steps involved in the above preparation. 
Whether the dehydration step or the ozonolysis itself was 
responsible for the low yield of dihydropyran was not known. The high 
temperature in the dehydration could result in undesirable side 
reactions. Aldehydes undergo self- condensation even at ordinary 
temperatures to for.m polymeric materials. Thus, when 5- hydroxypentanal 
is stored for some time, it forms a viscous material from which onl y 
a small amount of the original aldehyde can be recovered by vacuum 
distillation. Obviously, at the high temperatures employed in the 
dehydration of this compound, an increased rate of polymerization is 
inevitable. Actually, in every operation performed during this work, 
almost one half of the original content of the pyrolysis flask re-
mained, after removal of the dihydropyran, in the form of a dark 
brown residue. In an effort to reduce self- condensation of 5-hydroxy-
pentanal, a series of experiments were carried out in high boiling 
inert solvents, such as 1,2,4-trichlorobenzene (b.p. 213°) and phenyl 
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ether (b.p. 259°). The aldehyde employed in most of these experiments 
was prepared by acid catalyzed hydration of ~2-dihydropyran (1.31), 
extraction with ether, and pyrolysis without prior purification. 
The dehydration procedure involved addition of a solution of the 
crude aldehyde in the inert solvent into a reaction flask containing 
the same solvent at a temperature close to its boiling point. The 
dihydropyran product distilled as soon as it was produced. The 
maximum recovery of dihydropyran, 71.5% (based on originally hydrated 
dihydropyran), was obtained with phenyl ether and pyrolysis temperature 
of 2.30-240°. Dehydration at 200°, or in the lower boiling trichloro-
benzene solvent, afforded dihydropyran in only 55-60% yield. The 
yield of the same product obtained bJ dehydration of 5-hydroxypentanal 
in the absence of solvent was 60%, based on the amount of dihydropyran 
hydrated. These experiments showed that dilution of 5-hydroxypentanal 
can increase the yields of dihydropyran. Dehydration by this pro-
cedure of the crude aldehyde obtained from ozonolysis of 5-hexen-1-ol 
afforded dihydropyran in 46-48% yields. 
Despite the benefit in yield of an inert solvent, pyrolysis of 
labeled 5-hydroxypentanal was performed without solvent. The reaction 
time was shorter and the glass assembly slightly simpler. Also, the 
many preliminary experiments in the absence of solvent had made this 
method familiar and reproducible, whereas extensive experience with 
the solvent method was lacking. Actually, the overall yields in the 
ozonolysis-dehydration conversion of 5-hexen-1-ol to 6 2-ctihydropyran 
turned out to be not too different either with or without solvent. 
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In a series of experiments with an excess of ozone (page 111), 
the yields of dihydropyrru1 were slightly better from those obtained 
when the alcohol and ozone had been used in equimolar quantities. 
Thus, oxidative destruction of the product after completion of the 
reaction seemed to be excluded. In one experiment with ozone slightly 
less than theoretical, the yield of dihydropyran was 39%. It appears, 
therefore, that losses in the ozonolysis step should be attributed 
to some side reaction, and that a slight excess of ozone gives the 
best results . The duration of continuous ether extraction of the 
hydrolyzed ozonolysis mixture proved to be important. Extraction 
for less than 36 hours gave poor yields, whereas extraction for at 
least 48 hours gave better results. Assuming that the yield of dihy-
dropyran from 5- hydroxypentanal is in the order of 60%, the results 
obtained in these experiments suggest yields of 60- 70% in the ozono-
lysis of 5-hexen- 1- ol to hydroxypentanal. 
In subsequent efforts to improve the yields of dihydropyran, 
other methods of double bond cleavage were considered. Caserio and 
Roberts (16) , with a modification of an earlier procedure (76), 
prepared aldehydes in good yields by osmium catalyzed periodate oxi-
dation of compounds with terminal unsaturation. The reaction involves 
treatment of a water- ether solution of the unsaturated compound 
containing a catalytic amount of osmium tetroxide with sodium periodate. 
Evidently, the osmium tetroxide converts the olefin to the corresponding 
1,2- diol (18), which is then cleaved by periodate (38). The reduced 
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form of the osmium catalyst is reoxidized by the excess of periodate 
and thus the process continues until the reaction is completed. In 
c-o + ,. -
two experiments by this method, the yield of dihydropyran (after 
dehydration of the crude 5- hydro.:xypentanal) W(!.S 45%. This yield, 
only slightly higher than the average yield obtained frnm a series of 
ozonolysis experiments, suggested that the periodate method was not 
too much better than the ozonolysis method . 
The possibility of conversion of 5-hexen-l-ol to the corresponding 
1,2-diol followed by a separate cleavage of the latter by periodate 
to form 5-hydro.:xypentanal was also considered. Several compounds with 
terminal unsaturation have been converted to glycols in good yields 
by reaction with 90% hydrogen peroxide and trifluoroacetic anhydride 
in the presence of triethylammonium trifluoroacetate (23). The experi-
mental procedure involves formation and isolation of the trifluoro-
acetate of the glycol and subsequent acid hydrolysis of this ester to 
form the glycol. Adaptation of this method in the present work 
' CF3coo-C - C-0COCF3 
' ' 
HOH ) 
H~ HO-C - C-QH 
' 
afforded hexan- 1,2,6-triol in approximately 40% yield. Oxidation of 
this product with periodate was not attempted because of the already 
poor results and the length of the whole procedure. 
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The procedure chosen to prepare the labeled dihydropyran was 
ozonolysis, followed by pyrolytic dehydration of the intermediate 
5- hydroxypentanal in the absence of solvent. Before ozonolysis, the 
5- hexen- l - ol-o18 was mixed with some 5- hexen- l - ol-l-c14, which had 
been prepared and stored by Stouffer. The yield of the product, which 
was a mixtu~e of ~2-dihydropyran-o18 and ~-dihydropyran-6-cl4, was 
The mechanism of dehydration of 5- hydroxypentanal is not known. 
Two possibilities that may be considered are (a) acid catalyzed dehy-
• 
dration, and (b) four- center pyrolytic loss of water. Stouffer (98), 
following the first possibility, suggested protonation of the hydroxyl 
, 
0 OOH HEP -Hal 0 ~ l ~-J.IOH Q 
group, loss of water to give an intermediate relatively stable carbo-
nium ion, and finally loss of proton. This mechanism requires the 
presence of either a protonic acid or a Lewis acid. Possibly, traces 
of acid are present, or the glass of the flask may act as an acid 
surface. It must be noted, however, Glat dehydration of 5-hydroxy-
pentanal labeled at its hydroxyl- bearing carbon with carbon- 14, gives 
.6.2-dihydropyran labeled only at 6- position (100), and does not 
distribute the activity to both positions 2 and 6. Yet the carbonium 
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ion postulated above is the same as that suggested as an intermediate 
in the interchange of positions 2 and 6 according to pathway C 
(page 6 ) • Therefore, either pathway C is eliminated by the dehydration 
results, or the carbonium ion mechanism for the dehydration of 
5-hydroxypentanal is incorrect, or this carbonium ion can behave 
differently under different conditions. 
Arth (1) suggested that the first step in the dehydration of 
5- hydroxypentanal may involve dehydration between two molecules to 
2 Q - HOH. r"'_ 0-0 
0 OH ~0,) 0 
form an anhydro dimer, which can further lose water by pyrolysis to 
form a 2-ctihydropyran. This speculation is based on analogous cases 
(40) and on the fact that high boiling products are always present 
in the pyrolysis miXture as still residues. However, even if the 
suggestions of Arth are true, the analogous questions of mechanism 
are still left unanswered. 
The possibility of a four-center pyrolytic dehydration of 
r"'~ 
1
--...... oA oH r Or····7 ]-----~ 0 ······0 .. 0 'H 0 
5- hydroxypentanal should also be considered. A similar cyclic uni-
molecular reaction leading to cis-elimination of water has been proposed 
for the pyrolysis oft- butyl and t-amyl alcohols (2, 94) . 
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D. Rearrangement of 62-Dihydropyran-6-c14-o18 over Hot Alumina 
l. 6 2-Dihydropyran-o18 and 6 2-Dihydropyran-6-cl4 over Hot Alumina 
The apparatus employed (Fig. 2, page 123) was essentially the 
same as that used by McLeod ( 63 ) and Stouffer (108). Alumina from 
the same lot as that used by the two forementioned workers was employed 
in the present work, and their procedure was followed as precisely 
as possible. To see whether the conditions were comparable to those 
under which tetrahydrofurfuryl alcohol rearranges to form dihydropyran, 
a small amount of this alcohol was passed over the hot (ca. 350°) 
alumina prior to the addition of the labeled dihydropyran. Indeed, 
the product consisted of an aqueous and a dihydropyran layer. The 
mixture of ~-dihydropyran-ol8 and 62-dihydropyran-6-cl4 was then 
passed over the alumina as described on page 124, and collected in a 
receiver containing a few granules of potassium carbonate. The 
carbonate was used to exclude hydration of the product by maintaining 
alkaline conditions (traces of water, possibly retained in the 
column during the pretreatment with tetrahydrofurfuryl alcohol emerge 
I 
along with the labeled material). A small amount of unlabeled 
dihydropyran (approximately one fourth the weight of the label d 
mixtu~e)was used to sweep the column free of as much radioactive 
material as possible. The product from this treatment was collected 
with the main product in the same receiver. The yield of recovered 
pure dihydropyran was 77%, based on the total amount of radioactive 
and unlabeled dihydropyran passed over the alumina. 
2. Determination of Isotope Dilution: The Fate of OxYgen-18 of 
~2-Dihydropyran-6-cl4-ol over Hot Alumina 
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The fate of oxygen-18 in the dihydropyran exposed to hot alumina 
was determined by comparing the concentration of this isotope in the 
fil1al product with that of the original material, after the necessary 
correction because of dilution with unlabeled dihydropyran. The 
correction factor was determined by comparing the radioactivity of the 
doubly labeled dihydropyran before and after its exposure to hot 
alumilla. Activity measurements were performed with the thiosemicarbazone 
derivatives obtained from the corresponding dihydropyran samples as shown 
below. 
0 
The relative molar activity values of the thiosemicarbazones 
of the original and final dihydropyran were found to be O. 504 and 
0.404 respectively (pp. 134 & 139). These figures represent a dilution 
of (0.504 - 0.404) / 0.504 or 19.8%. Therefore, the oxygen-18 content 
of the original 82-dihydropyran- 6-c14-ol8 had to be reduced bJ- 19. 8% 
(or multiplied by 0.404/ 0.504) before comparison with the oxygen-18 
content of the final product. In using this correction factor the 
assumption was made that the same percentage of the carbon-14 labeled 
dihydropyran molecules survived the conditions of the hot tube, as 
the percentage of the molecules of oxygen-18 labeled dihydropyran. 
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This assumption was based on the fact that the yield of rearranged 
dihydropyran was good (77%), and that the isotope effect in the case 
of oxygen-18 and carbon-14 is very small (88, 134). 
Oxygen-18 contents were determined by mass-spectrometric analyses 
as described in Section F (page 218). Results of these analyses are 
summarized in Table IV (page 220), and detailed description of the 
calculation of the isotope dilution is given on page 140. Briefly, 
the total oxygen-18 contents in dihydropyran before and after its 
exposure to alumina were found to be 0.749 and 0.427 atom per cent 
respectively. These values include the normal abundance of oxygen-18, 
which amounts to 0.204 atom per cent. Therefore, the amount of 
oxygen-18 in excess of its natural abundance was 0.545 and 0.223 atom 
per cent for the unrearranged and rearranged dihydropyran, respectively. 
After correction for dilution with unlab led dihydropyran, the first 
of the two valu s becomes (0.404/ 0.504)(0.545) or 0.437 excess atom 
per cent oxygen-18. Assuming that the original dihydropyran does not 
exchange its oxygen for that of alumina, the concentration of heavy 
oxygen in the final product should have been the same as the above 
corrected value. The value actually found of 0.223 excess atom per 
cent oxygen- 18 represents 0.223/ 0.437 or 51% retention of the original 
excess of heavy oxygen. I n other words, the reaction or reactions 
that occurred over hot alumina caused oxygen to exchange to an extent 
which removed approximately one half of the original heavy oxygen from 
dihydropyran. 
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The errors involved in the above determination are worthy of 
discussion. The radioactivity figures given above represent mean 
values of four determinations on each of the two thiosemicarbazones. 
The standard deviation of each mean value was approximately 0.2%. 
Therefore, the error involved in the determination of the correction 
factor for dilution of the original material with unlabeled dihydropyran 
is very small. 
Hass-spectrometric analysis was based on conversion of the 
samples to carbon dioxide and subsequent determination of the oxygen-18 
content of the latter. Although the yield of carbon dioxide derived 
from each sample was not over 4C/f'o, the analyst "never found it 
necessary to worry about isotope effecttt (at least with organic 
compounds with no more than one oxygen functions). Therefore, the 
distribution of the oxygen isotopes in carbon dioxide appears to be 
pretty much the same as that of the corresponding sample. There is a 
non-systematic error, however, in the over-all determination of 
oxygen-18 of a sample. This error is claimed by the analyst to be 
, 
5% for a single analysis. In order to minimize this uncertainty, each 
compound was analyzed at least in duplicate. The mean deviations 
for the sets of analyses before and after rearrangement were approximately 
4% and 3% respectively. 
An attempt to further check the oxygen-18 values given above 
should be described at this point. The thiosemicarbazone derivatives 
employed in the determination of the isotope dilution were converted 
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in these laboratories to carbon dioxide samples by the recently 
devel oped procedure of Dahn, Moll and ·enasse (19). This conversion 
involves heating (300°) of the organic samples in a sealed tube in 
the presence of £- phenylenediamine monohydrochloride and a known 
volume of unlabeled carbon dioxide. The sample under oes dehydration, 
the water equilibrates with the enclosed carbon dioxide, and the 
latter is then transferred and sealed in an ampule with high vacuum 
procedures. Duplicate samples from each thiosemicarbazone were 
prepared and mass-spectrometric analysis was attempted on one of 
them (*) . Unfortunately, the sulfur in the sample complicated the 
results. The peak of the spectrogram corresponding to carbon dioxide 
of mass 46 was unreasonably high (ca. 5 atom% o18) due to contribution 
of carbon- sulfur fragments (such as - CH2- - ) . 
With the exception of 2,4- dinitrophenylhydrazone, no other 
derivative of 5- hydroxypentanal could be obtained. Attempted reactions 
with phenyl-, ~bromophenyl- , ,N-diphenyl- , ~-naphthyl-, ~-naphthyl-
hydrazines, semicarbazide and methane were unsuccessful. In the case 
of 2,4-dinitrophenylhydrazone, a disadvantage was the fact that incor-
poration of four additional unlabeled oxygens per molecule would 
further reduce the already low concentration of heavy oxygen in dihy-
dropyran. In addition to this dilution, one has to take under consider-
ation the fact that the concentration of the heavy isotope is further 
( ~r) Analysis by Dr . K. Biemann, Uassachusetts Institute of Technology, 
Cambridge, Massachusetts. 
.\ 
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reduced in the conversion step due to the presence of unlabeled 
carbon dioxide. Finally, the presence of nitrogen is not desirable 
in mass-spectrometric analysis for oxygen-18 (*), although not as 
objectionable as sulfur. A detailed description of the procedure for 
converting samples containing oxygen-18 to carbon dioxide is given 
in the Appendix of this dissertation (page 231). 
3. Distribution of Radioactivity in Rearranged 62-Dihyctropyran 
Radioactive dihydropyran, prepared by ozonolysis of 5-hexen-
l-ol-l-c14 and subsequent dehydration of the r~sulting 5-hydroxy-
pentanal, was shown by Stouffer (100) to contain its activity 
exclusively at 6-position of the molecule. Since this compound was 
prepared in the present work by the very same procedure, it was taken 
for granted that the radioactivity of the dihydropyran prior to 
rearrangement over hot alumina was located solely at the 6-position. 
Prior to degradation and location of t he label in the rearranged 
dihydropyran, it was necessary to have a measure of the total molar 
activity of this compound as a reference value. Since the volatile 
dihydropyran could not be counted directly, it was hydrated under 
acidic conditions to form 5-hydroxypentan~l (131), and the latter 
was converted to its thiosemicarbazone derivative as described on 
page 12~ This new derivative (not reported previously) can be 
prepared very readily, and in yields better than 88%. The relative 
(*) Analysis by Dr. K. Biemann, Massachusetts Institute of Technology 
Cambridge, ~~ssachusetts. 
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molar activity (see definition on page 214) of this compound, which. 
contained all five of the dihydropyran carbon atoms, was 0.404 ! O.Zfo . 
Stouffer (102) had found by extensive degradation studies that 
the activity in rearranged dihydropyran was located mostly at positions 
2 and 6 of the molecule (44.4% and 51.6% respectively). A minor amount 
of radioactivy (3~) was located in the dihydropyran fragment containing 
the carbon atoms 3,4 and 5. The degradation experiments performed in 
the present research were limited in number, and aimed simply at 
producing two fragments, one of which would contain carbon- 2 and the 
other the carbon atoms 3,4,5 and 6 of the dihydropyran. 
Ozonolysis of ~2-dihydropyran afforded an excellent means of 
separating the carbon at the 2-position from the rest of the molecule. 
The procedure for the ozonolysis and isolation of the products was the 
same as that of Stouffer (107). The ozonide was decomposed with water 
0 03 [('>-y] zn [CCHO] ~ o ~ ~o)-o Hoff o.-AHO 
(HCOO) if.n• 2Hz:> 
+ 
in the presence of zinc dust to form the formyl ester of 4-hydroxy-
butanal, which was hydrolyzed without isolation to give 4-hydroxybutanal 
and zinc formate. The aldehyde was extracted from the mixture with 
ether and converted directly to its 2,4-dinitrophenylhydrazone de-
rivative, while the zinc salt was isolated in its dihydrated form by 
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evaporation of the water. The carbon formerly at the 2-position of 
dihydropyran becomes the carbon of zinc formate dihydrate, while the 
carbon atoms at the 3,4,5 and 6 positions of the original molecule 
form the 4-hydro:xybutanal fragment. 
Radioactivity measurements showed that the relative molar 
activity of the 2,4-dinitrophenylhydrazone derivative of 4-hydroxy-
butanal was 0.205 ± 0.75%, while the relative activity per mole of 
formate ion was 0.191 ± 1.7%. Each of the two activity figures 
represents an average value of three D1dependent determinations the 
standard deviation of the means being as indicated. Comparison of 
these values with the relative molar activity of dihydropyran 
(thiosemicarbazone) shows that the 4-hydroxybutanal fragment contains 
approximately 51% of the original activity, and the zinc formate 
dihydrate accounts for 47%. 
Although the radioactivity of zinc formate dihydrate gave a 
direct measure of the tracer concentration at position 2 of rearranged 
dihydropyran, the activity of the 4-hydroxybutanal fragment was 
assumed in this work to be located largely, if not entirely, at the 
carbon atom corresponding to the 6-position of the dihydropyran 
molecule. This assumption is not unreasonable if one takes under 
consideration the results obtained on further degradation by Stouffer, 
and the fact that the activity of dihydropyran prior to rearrangement 
was located exclusively at position 6. 
In summary, the result of exposing A2-ctihydropyran-6-cl4-ol8 to 
alumina at 350° was an almost complete interchange of carbon-14 
between 2 and 6 positions accompanied by exchange of oxygen- 18 to 
an extent of 50%. 
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E. Determination of Radioactivity 
Activity ananyses of samples containing carbon-14 were performed 
by the procedure of Schwebel, Isbell and Moyer (92) as adapted in these 
laboratories by Stouffer (101) and Koehler (48). The method consists 
of counting a s olution of the material to be analyzed in a suitable 
solvent in a windowless flow counter (see page 212). As Schwebel, 
Isbell and Moyer have pointed out, this method has a number of ad-
vantages over those previously used. Thus, it eliminates the 
necessity of having to burn samples and collecting the carbon dioxide 
produced. Furthermore, it eliminates or minimizes many of the com-
plications associated with the counting of solid samples, such as 
variations in self-absorption and backscattering and, in some in-
stances, static charges that dist ort the field. 
The solution t o be analyzed was counted in a stainless steel 
planchet of accurately known area (see page 213). Due t c the low 
energy of the beta radiation of carbon-14, the thickness of the layer 
of solution is not critical provided it is more than 0.5 mm. A depth 
of that magnitude constitutes f or all practical purposes an "infinitely 
thick" layer, in the respect that any radiation from within the sample 
is self-absorbed by the solution, thus not contributing t o the 
radiation being emitted from the surface. 
The solvent must fulfill three requirements besides the obvious 
one that it must dissolve the material to be analyzed. (1) It should 
have a low vapor pressure to avoid a change of concentration of the 
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solute with time. (2) Its vapors should not form a conducting path 
across the high voltage wire insulation. (3) It must have little or 
no tendency to creep over the edge of the planchet or container. 
Several solvents were found t o meet these requirements, among which 
were f ormamide and N,N-dimethylformamide. The latter was found to be 
a suitable solvent for nearly all the samples prepared in this work 
with the exception of zinc formate dihydrate which was dissolved in 
formamide containing 5% water. The presence of water is allowed pro-
vided it does not exceed 15%. In connection with the first require-
ment, it should be mentioned at this point that the temperature of the 
room must be kept reasonably low to avoid change in concentration of 
the solute due to evaporation of the solvent. 
The radioactivity levels of the compounds analyzed in the 
present research are given by numbers which are proportional to the 
molar activities and are designated as relative molar activities. 
As described in detail in Section IV-E (page 213 ), the observed counts 
were corrected for background and measured relative t o a barium 
carbonate-c14 standard of constant, but undetermined activity. The 
relative molar activities were obtained by multiplying the dimention-
less relative counts (corrected sample counts/corrected standard counts) 
by the density of the solution and dividing by the number of millimoles 
of the compound. The density was introduced in the calculations because 
it has been found (92) that the counting rate for samples in solution 
is inversely proportional to the density. The reason for this 
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dependence is that variations of the density influence the self-
absortion of the radiation. Therefore, the calculation described 
above represents correction of all relative counts to unit density, 
or correction for self-absorption. The absolute values of the relative 
molar activities are arbitrary to the extent that they are dependent 
on the activity, geometry, and mounting of the barium carbonate-c14 
standard and also on the mounting and surface area of the sample 
planchet. 
Each sample was counted for five minutes and the background 
and reference source were counted immediately before or thereafter 
using the same time interval. The process of sample, background and 
reference source counting was repeated seven times and average values 
were taken in determining the activity of each sample. For the 5 
minute interval, the standard deviation of each relative count was 
found to be approximately 1% or less for the analyses of the more 
active samples and 2% for the less active. These standard deviations 
take into account only the errors directly involved in the counting 
process and do not include errors involved in preparing the solutions 
and placing them in the counter. In order to minimize the uncertainty 
due to errors other than those involved in counting (i.e, uncertainty 
in weighing, diluting, mounting, purity of samples), each compound 
was analyzed in duplicate, recrystallized, and agali1 analyzed in 
duplicate. The relative molar activity given at the end of each 
particular experiment represents an average value of four determinations. 
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The standard deviation of each mean value was found t o be less than 
1% (0.2-0.7%) for all samples except the zine formate dihydrate 
(1.7%) . 
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F. The Role of Hydrogen in the Rearrangement of ~2-Dihydropyran 
1. ~2-Dihydropyran over Hot Alumina Pretreated with Tritiated Water 
As described in Section I - B- 3 (page 5 ), all four of the earlier 
postulated mechanisms for the rearrangement of ~-dihydropyran involve 
protonations and deprotonations at certain positions of the molecule, 
with alumina serving as the source of protons. If this is indeed the 
case, then an exchange of hydrogen between dihydropyran and alumina 
should take place during the rearrangement. The predicted positions 
of dihydropyran at which such an exchange may occur are the 2 and 6 
for path A, 3 and 5 f or both pathways C and D, and virtually all five 
positions fo~ mechanism B. 
At least two approaches were considered. The first involved 
independent preparation and rearrangement of ~2-dihydropyran-2-H* and 
Ll2- dihydropyran- 3-H* (H* = deuterium or tritium), followed by deter-
mination of the activity of the products. Dihydropyran labeled at 
position 2 _can possibly be prepared by conversion of unlabeled material 
rf:d 8 - valerolactone (66)., reduction of the latter with sodium boro-
Q~o H* A + 
0 OH* 
hydride-H-I~ (116), or lithium aluminum hydride- H* (1), and dehydration 
of the resulting 5- hydroxypentanal- H*. If mechanism A operates 
exclusively, then rearrangement of this compound will result in loss 
of the original activity by a fraction dependent on the concentration 
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of the exchangeable hydrogen in the alumina. The remaining activity 
in the rearranged product will be distributed between the positions 
2 and 6 (because of the established migration of the double bond). 
On the other hand, if the total activity of the product is the same 
as that of the starting material, then this mechanism must be ruled 
out. The experiment with ~-dihydropyran-2-H* can also furnish further 
evidence f or or against the already discarded pathway B, which predicts 
a similar loss of activity. The difference between A and B lies in 
the fact that the latter will not only result in an over-all l oss of 
some of the original activity, but also in a distribution of the tracer 
throughout the molecule. 
Assuming that the above experiment leads to abandonment of 
paths A and B, the possibility of exchange at positions 3 and 5, as 
predicted by the mechanisms C and D, can be similarly tested by 
exposing to hot alumina dihydropyran labeled at position 3. This 
compound could be prepared by acid catalyzed hydration of dihydropyran 
with water- H* and subsequent dehydration of the resulting 5-hydroxy-
0 0 
pentanal-H*. If during exposure to alumina protonations and de-
protonations occur at positions 3 and 5, the over-all activity of the 
rearranged product has to be less than the total activity of the 
starting material. The residual activity of the product is expected 
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to be distributed between the 3 and 5 positions of the molecule . It 
must be noted at this point that the preparation of the starting 
material involves an acid catalyzed hydration step during which the 
first formed carbonium ion could undergo an isomerization similar to 
that postulated in pathway C. This would lead ultimately t o dihydro-
pyran labeled both at the 3 and 5-positions. However, this need not 
influence the study of hydrogen exchange on alumima, provided that 
the original activity levels of these positions are known. Although 
the approach of using labeled dihydropyran as a starting material 
was not followed in this work, an investigation of the possibility 
of isomerization via acid catalyzed hydration of this compound is 
recommended as it may provide valuable information. 
The second approach involved exposure of unlabeled dihydropyran 
to alumina pretreated with water-H7~, followed by location of the tracer 
in the product. The obvious advantage of this approach over that pre-
viously described lies in the possibility of obtaining a fast answer 
to the question of hydrogen exchange in only one operation starting 
with readily available unlabeled dihydropyran. Furthermore, this 
method does not require comparison of original and final activity 
values, thus being free of the uncertainty encountered in the first 
approach due to dilution of the labeled starting materials with un-
labeled dihydropyran used for pretreatment of the alumina. An accurate 
estimate of this dilution can be obtained only if another tracer, such 
as carbon-14, is present. 
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The second approach was followed in the present work. Water-H3 
was preferred over water-H2 for the pretreatment of the alumina. The 
reason for this preference was the relative simplicity of tritium 
determinations (scintillation counting) as compared to the analysis 
for deuterium, which requires combustion of the samples and subsequent 
mass spectrometric determinatio~. The procedure followed consisted 
of passing a mixture of ~2-dihydropyran and tritiated water over 
alumina which had been pretreated with tritiated water at 350° as 
described in detail on page 15g. The reason f or passing water-H3 
simultaneously with dihydropyran was to maintain throughout the 
operation a high concentration of tritium in the alumina. Otherwise, 
uptake of tritium (and loss of hydrogen) by dihydropyran early in 
the reaction would result in depletion of tracer supply in the alumina 
and, therefore, reduce the activity of the emerging product t o low 
levels. 
The fact that the product was found to be radioactive proved 
that exchange of hydrogen does take place during the rearrangement of 
dihydropyran. A comparable experiment in absence of alumina (page 
210), by affording a non-radioactive product, confirmed the suggestion 
that alumina serves as the source of protons. 
2. Location of Activity in 62-Dihydropyran-H3 
The location of deuterium or tritium in organic compounds via 
degradation experiments presents serious difficulties, especially 
when a quantitative account of the tracer in the resulting fragments 
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is desirable. These difficulties are due to the relative lability of 
hydrogen isotopes and, consequently, their ability to undergo mutual 
exchange depending on the media and conditions employed. Thus, 
hydrogen in practically all functional groups and at activated positions 
is subject to exchange under one or another set of conditions. As a 
matter of fact, advantage of this lability of hydrogen is taken in 
introducing deuterium or tritium tags in a wide variety of organic 
compounds. 
The degradation scheme followed in th~ present work was not free 
of the problems described above. Exchange of tritium for hydrogen, 
unavoidable in the functional groups involved, did not permit an 
accurate evaluation of the tracer content at certain positions. 
Activity unaccounted for by the fragments obtained by degradation 
experiments created uncertainties as to which of them had undergone 
exchange with the medium employed. Therefore, certain assumptions or 
speculations had to be made in some ·cases, provided they were in 
agreement with the over-all results and based on comparable cases 
reported in the literature. 
The first step was t o determine the total activity of the dihydro-
pyran to be degraded. In order to have enough material for the degra-
dation experiments, the original dihydropyran-H3 was diluted with a 
known amount of unlabeled dihydropyran and analyzed by liquid scintil-
lation counting (page 162 ). The activity of the diluted compound was 
f ound to be 10.6 millicuries per mole (me/mole). 
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In an attempt to have a further check on the above found value, 
a sample of the tritiated dihydropyran was hydrated under acidic 
conditions and the resulting 5-hydroxypentanal was immediately con-
verted to its thiosemicarbazone derivative. The activity of this 
compound was ?.2 me/mole or 6?.5% of the activity of the starting 
material. The unaccounted activity was most probably lost from the 
intermediate 5-hydroxypentanal, which contains labile hydrogen at 
its ~-position and, possibly, in its aldehydic function. The fact 
that d-glucose-l-H2, which has a structure comparable to that of 
5-hydroxypentanal, does not exchange its aldehydic hydrogen (113, 
116) suggests that the activity lost in the present case was mainly 
at the ~-position of the aldehyde, which corresponds to the 3-position 
of the original dihydropyran. There is a possibility that the ori-
ginally prepared thiosemicarbazone had also lost some activity while 
in contact with the acidic reaction mixture. After isolation, however, 
this derivative ret~ined its activity despite repeated recrystallizations 
from water-ethanol mixtures. 
Two solid derivatives of A2-dihydropyran have been recently 
prepared in these laboratories from methoxymercuration reactions (57). 
0 OUgOAc 0 OCH3 NaCI 
Most probably these compounds do not exchange hydrogen and, therefore, 
are recommended for future work. 
54 
Bromination of tritiated dihydropyran and subsequent removal of 
hydrogen(tritium) bromide with diethylaniline afforded 3-bromo- ~2-
dihydropyran-H3 in ?Z/o yield. The preparation of this product is 
based on the relative lability of the bromine atom next to the hetero-
cyclic oxygen of the intermediate dibromide. This reaction, which has 
0 ether ro:J 
been reported by Paul (80), proceeds readily but the product is 
relatively unstable and must be kept under vacuum. It is obvious 
from the above illustration that any tritium present at position 3 
of the original dihydropyran must be absent in the final product. The 
activity of 3- bromo- ci2-dihydropyran was found to be 4.9 me/mole or 
46% of the activity of the starting material. Therefore, the tritium 
at position 3 of the rearranged dihydropyran amounts (by difference) 
to 51$ of the total activity of this compound. 
A sample of 62-dihydropyran-H3 was subjected to ozonolysis. The 
ozonide was decomposed with a known amount of water in the presence of 
zinc dust, and the fragments were separated by extraction with ether. 
The crude 4-hydroxybutanal, which contained the carbon atoms corresponding 
to the positions 3,4,5, and 6 of the original dihydropyran, was con-
verted directly to its thiosemicarbazone derivative, while the fragment 
containing the carbon atom from position 2 was isolated in the form of 
zinc formate dihydrate. The preparation of the thiosemicarbazone 
55 
instead of the previously preferred 2,4-dinitrophenylhydrazone 
(page 41) was dictated by the need to have a colorless compound suitable 
for liquid scintillation counting (see page 63). The yield of this 
derivative, which has not been previously reported, was 69% on the 
basis of thiosemicarbazide employed. 
The activity of the thiosemicarbazone was found to be 7.7 me/mole 
or 73% of _the activity of the starting material. · The activity of the 
zinc formate dihydrate, as isolated from the water employed in the 
decomposition of the ozonide, was 0.17 me. per mole of formate ion or 
1.6% of the molar activity of the original dihydropyran. After repeated 
treatment of the zinc salt with distilled water at room temperature, 
its activity was reduced to 0.14 me. per mole of formate ion. This 
value remained constant thereafter, even on treatment with boiling 
water (temperature comparable to that of the decomposition of the 
ozonide). Obviously, activity lost to the water during or after the 
decomposition of the ozonide was incorporated in the crystalline water 
of zinc formate. Calculations based on the difference in activity of 
the zinc salt before and after treatment with distilled water showed 
that the total activity of the water employed in the decomposition of 
the ozonide was approximately the same as the total activity missing 
from the ozonolysis fragments (page 188). 
The indications are that the activity which is not accounted 
for by the ozonolysis fragments had been lost from the aldehydic hydro-
gen of 4-hydroxybutanal. Whether exchange took place during or after 
the decomposition of the ozonide is not known. Exchange of aldehydic 
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hydrogen has been reported, but the cases investigated are limited and 
the results not very clear. Thus, Klar (47) reports that acetaldehyde 
exchanged only one hydrogen for deuterium an treatment with water-H2. 
From the fact that after 24 hours and for a period of three weeks 
no further deuterium was introduced, it was assumed that only the 
aldehydic hydrogen had exchanged. The same worker reports complete 
exchange of both hydrogen atoms of formaldehyde upon similar treatment. 
Concerning this last example, however, Walters (123) did not observe 
any exchange when formaldehyde was treated with water-H2 in the pre-
sence of acid or base. A more interesting example is probably the 
preparation of acetaldehyde-l-H2 by partial hydrogenation of 2-butyne 
with pure deuterium followed by hydroxylation of the resulting 2-butene-
H2 and subsequent cleavage of the latter with periodic acid. The 
product contained unlabeled acetaldehyde to an extent of 17%, Which can 
only be explained by exchange of aldehydic deuterium for hydrogen of 
the water employed (7). Because of the limited number of cases nothing 
is known about the mechanism of such an exchange. Hydration of the 
carbonyl group and operation of an inductive effect by the two oxygen 
~toms could possibly enhance the acidity of the aldehydic hydrogen. 
However, if this were the case, one would expect a faster exchange in 
the case of formaldehyde exposed to water-H2 in the presence of base; 
nevertheless, no exchange was observed (123). 
Exchange of hydrogen bonded to the carbon atom of the formate 
ion does not appear to be very probable unless such an exchange occurred 
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in some phase during the decomposition of the ozonide, or in the 
subsequent exposure to water containing some zinc oxide. Water alone 
did not remove any of the residual activity of the zinc formate. 
Formic acid itself is reported to exchange only its carboxylic hydro-
gen on treatment with deuterated water (70, 127) . Unfortunately, the 
effect of base has not been reported . It is true that the presence of 
zinc oxide in the original solution, by increasing the pH, could 
render those conditions different from those employed in the subsequent 
treatment of the zinc salt with water alone. An estimate of the maximum 
pH of the solution obtained after the decomposition of the ozonide can 
be obtained. Thus, assuming that the zinc oxide ±n solution exists as 
zinc hydroxide, and that the latter undergoes complete dissociation 
without any influence whatsoever by the common zinc ion from the 
zinc formate, the pH of the solution, calculated from the solubility 
product of zinc hydroxide which is 1 . 8 x lo- 14, is 8.4. Unless the 
specific rate of exchange of tritium for hydrogen is very high, it is 
unlikely that a hydroxyl ion concentration of about 10-6 mole per 
liter can have any influence in the exchange process. Unlabeled zinc 
formate dihydrate should be treated with tritiated water in the presence 
of zinc oxide in order to experimentally check on the possibility of 
exchange. Also, 62-dihydropyran- 3-H3 might be ozonized, and the 
4-hydroxybutanal fragment followed in order to check on the possibility 
of exchange of aldehydic hydrogen. 
The last degradation experiment involved hydration of 
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~2-dihydropyran-H3 and subsequent oxidation of the resulting 5-hydroxy-
pentanal with nitric acid to form glutaric acid-H3. This compound was 
obtained in 76% yield and had an activity of 7.8 me/mole, or 74% of 
the molar activity of the original dihydropyran. Carboxylic acids 
are reported not to exchange hydrogen from their «-positions when treated 
with dilute acids or bases (6, 37). Therefore, the activity unaccounted 
for by the glutaric acid must have been lost from the ~-position of 
the intermediate 5-hydroxypentanal and, possibly, from the ~-position 
to the aldehyde group resulting of the other end of the molecule 
(oxidation of the hydroxyl group) before its ultimate oxidation to 
carboxyl group . 
The activity of glutaric acid-H3 was found to be distributed 
between its two «-positions, which correspond to positions 3 and 5 of 
the degraded dihydropyran. The absence of any activity from position 
4 was demonstrated by conversion of the glutaric acid to its dimethyl 
ester, followed by treatment of the latter with methanol in the presence 
of a catalytic amount of sodium (13). These conditions are similar to 
those encountered in aldol condensation, which depends on active 
« - hydrogens and is a reversible process. By maintaining an excess of 
methanol, there was practically no condensation and the yields of 
recovered glutaric acid were as high as 90%. After repeated treatment 
both at room and at elevated temperatures, the glutaric acid was 
completely inactive. The elimination of activity from the methyl 
glutarate was tremendously accelerated at elevated temperatures. Loss 
of tritium from the central methylene group of glutaric acid is 
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unlikely. It has been found experimentally that ~ -hydrogen of esters 
does not exchange on treatment with ethoxide (135). 
Concluding, it appears that the rearrangement of ~-dihydro­
pyran over hot alumina is accompanied by exchange of hydrogen fron 
its 3 and 5 positions. These results are in agreenent with the 
postulated mechanisms C and D, and rule out the pathways A and B. 
The observed approximately equal distribution of tritium 
between the 3 and 5-positions of dihydropyran erits some discussion. 
Assuming that the dihydropyran molecules undergo several exchanges 
of their number-3 hydrogens with an external source, and that the 
same molecules probably undergo several 62,3 - 65 ,6 shifts, one would 
expect ultimately a statistical distribution of radioactivity among 
the three hydrogens at the 3 and 5-positions. That is, twice as 
much tritium should be found at position 5 as compared with that at 
position 3. A reasonable interpretation of the experimental results 
seems to be that the rearrangement of 62, l to A5,6-ctihydropyran is 
substantially slower than the equilibration of hydrogen-tritium ex-
change between the 3-position and the alumina (protonation equi-
librium). In other words, it is possible under the conditions 
employed that only a fraction of the dihydropyran molecules underwent 
tf'3 - 6 5,6 shifts while all molecules underwent heavy hydrogen-
tritium exchange at their 3-positions. The conditions under which 
the hydrogen exchange was studied were not quite the same as those 
employed in investigating the carbon-14 interchange and oxygen-18 
exchange. In the former case the alumina was pretreated with 
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tritiated water and a mixture of dihydropyran and tritiated water 
was passed over the catalyst, whereas in the latter case water was not 
used at all. Poisoning of the catalytic activity of alumina due to 
complete hydration of its active sites has been reported in several 
occasions (36,69,82). It is possible, therefore, that hydration of 
the catalyst in the present case may have retarded the rearrangement 
process. 
The possibility of an equilibrium isotope effect being res-
ponsible for the non-statistical distribution of tritium in 62-di-
hydropyran-H3 was also considered. Such an effect may set in because 
of differences in vibrational frequencies and, consequently in zero-
point energies(*) between aliphatic and vinyl hydrogens, and also 
because of the lower zero-point energy of carbon-tritium bonds 
relative to their carbon-hydrogen counterparts(~~). In other words, 
in mutual conversions of vinyl and aliphatic positions, hydrogen will 
assume the less energetic arrange ent in preference to tritium. In 
general, stretching vibrations for vinyl hydrogen are of slightly 
greater frequencies than those for aliphatic hydrogen (33); the 
reverse is true with bending vibrations (all possible modes being 
(*) Zero-point energies can be calculated from reported (33) 
vibrational frequencies (wave numbers Y' ) by using the equation 
E=l/2 he~' (another form of the equation for zero-point energy 
E= 1/2 hv ). 
(~rk) From the fact that vibrational frequencies are inversely pro-
portional to the square root of reduced masses (Hooke's law). 
In this case v C-H = (3 V C-T· 
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considered). For dihydropyran, it turns out that the difference in 
bending frequencies between a hydrogen at position 5 and that at 
position 3 outweighs their difference in stretching frequencies. In 
other words, the average zero-point energy of the vinyl hydrogen is 
lower than that of the aliphatic hydrogen and, according to what was 
said above, hydrogen will compete for the 3-position more effectively 
than tritium. Indeed, calculation(*) of the free energy change for 
the equilibrium A ~ B gives an equilibrium constant 
A B 
Keq. = (B)/(A) = l.OB, or an equilibrium isotope effect of about 
$%. On the basis of this effect, the predicted distribution of 
tritium is 31.6% at position 3 and 68.4% at position 5· It is 
obvious that this result is significantly different than the ex-
perimentally observed distribution, thus lending further support 
to the interpretation given in the preceding paragraph. 
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G. A2-Dihydropyran plus Tritiated Water over Hot Glass Wool 
In the preceding Section it was shown that the rearrangement of 
~2_dihydropyran over hot alumina is accompanied by exchange of hydrogen. 
However, the fact that dihydropyran was always in contact with water- H3 
throughout the operation created some doubts as to the necessity of 
the alumina in that exchange. In order to arrive at a definite con-
clusion about the catalytic action of the alumina, a similar experiment 
was performed over hot glass wool. Prior to the operation the glass 
wool (Pyrex) was treated extensively with acetic acid and then washed 
thoroughly with distilled water in order to remove possible residual 
alkalinity. Exposure of a mixture of 6 2-dihydropyran and water-H3 
over the so treated gl ass wool at approximately 350° afforded a com-
pl etel y inactive product . Therefore, alumina acts as a catalyst in 
the observed hydrogen exchange . 
63 
H. Determination of Tritium Activity 
All tritiated samples prepared throughout this work were analyzed 
by liquid scintillation counting as described in detail on page • 
This method is based on the discovery made independently by Reynolds 
(83) and Kallman (42) that dilute solutions of fluorescent substances 
in aromatic solvents are useful as radiation detectors. At first, 
these liquid scintillators were used in place of solid crystals in 
detecting penetrating radiation. However, t he discovery was soon made 
that another real use for liquid scintillation is in counting low-level 
beta emitters. 
Since the energy of most beta particles is relatively low (mean 
energy of beta emission ·from tritium is 0.006 mev, and from carbon-14 
is 0.05 mev), the particles are readily absorbed in passing through 
matter. This absorption hrunpers the counting of low level beta 
emitters in the solid phase, because the srunple itself absorbs its own 
radiation. 71Self-absorption" is eliminated, however, when the sample 
is dissolved with the scintillator or fluorescent substance in some 
suitable solvent. In addition "4n geometry .! is obtained when the 
sample is placed in solution, sli1ce the disintegrating atom finds 
itself surrounded by molecules of the scintillator. Another advantage 
of this method is that preparation of sample planchets for solid 
phases or conversion of the solid to gas are avoided. 
In theory, every fluorescent organic compound cuuld be used in 
liquid scintillation counting. According to Hayes (31), however, a 
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scintillation solute, to be worthy of consideration for practical use, 
must fulfill three requirements. (1) It must be an efficient light 
emitter. (2) It must produce a photon spectrum which will be efficiently 
transmitted and reflected in the optical system and converted into 
electrical energy by the photomultiplier. In this connection, some 
scintillators tend to absorb the light emitted (self-quenching) and 
cannot be used. (3) It must be compatible with solubility restrictions 
imposed by the composition of the counting solution and by the tem-
perature at which counting is performed. 
In general, for a given solvent the counting efficiency increases 
with increased scintillator concentration. Some scintillators tend 
to reach a plateau prior t o the solubility limit where the efficiency 
is, to a good approximation, independent of concentration. Clearly, 
this is a desirable region to operate, since efficiency is not 
affected by inaccuracies in scintillation concentrations. Frequently, 
addition of a second dye (secondary scintillator) is advantageous. 
This substance, present in trace amounts, has the effect of shifting 
the emission spectrum to longer wave lengths where the photomultipliers 
are more sensitive. This is useful because many of the best phosphors 
emit light of too short wavelength, thus not satisfy.L~g requirement 
No. 2. The most widely used primary scintillators are diphenyloxazole 
(commonly called PPO), phenylbiphenylyloxadia zole (PBD) and terpenyl. 
The most popular secondary scintillator is bis-phenyloxazolylbenzene 
(POPOP). 
The liquid scintillation solvent should permit efficient transfer 
of energy from beta particles to the scintillator and allow light 
emitted by the latter to be transmitted with very little absorption. 
Furthermore, the solvent should dissolve the material to be analyzed 
and should not freeze at the temperature of the counting. Whatever 
the solvent chosen, it should be free of traces of water and especially 
oxygen. Both water and oxygen absorb beta particles, thus lowering 
the efficiency of the system. The solvents preferred for their 
relatively high efficiency are aromatic hydrocarbons (toluene, xylene) 
and ethers (anisole). Solubility considerations, howe~er, sometimes 
f orce the employment of more polar solvents, such as dioxane, or mixed 
solvents at the expense of efficiency. For instance, samples of 
tritiated water can be brought into solution by the addition of methanol, 
ethanol, or dioxane to the maL~ aromatic solvent. A system con--
taining 25% ethanol and 1% water gives out a gocd deal less light than 
the pure aromatic solution, but still enough to be quite useful. For 
reasons of solubility and uniformity of results, the solvent system 
employed in the analysis of the tritiated samples prepared throughout 
this research was a mixture of toluene containing 12% mechanol. The 
method for determining the efficiency of a liquid scintillation system 
is described in detail on page 223 . 
Samples to be analyzed must be either colorless or of color 
which does not absorb in the region of the spectrum of the light 
emitted by the scintillator. Colored samples, as well as substances 
ins oluble in the available solvents, are usually burned and the analysis 
is performed on the tritiated water produced. 
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Errors involved in liquid scintillation counting deserve some 
discussion. The minimum over all error for a single analysis is 
approximately 3% for carbon-14 assays, and 5 for tritium de-
terminations. Statistical errors due to the randomnes of disinte-
grations constitute only a minor fraction of the gross error, provided 
that the samples are counted several times over time intervals such 
as to give a minimum standard deviation. Thus, in the present work 
this deviation l'tas approximately 0.5% for each determination. The 
major error in a single analysis is largely due to an uncertainty in 
the establishment of the efficiency of the system involved, and also 
due to the instrument and errors in the manipulation of the sample. 
Thus, the efficiency of the system is defined by counting standard 
samples the activity of which is not exactly known in the first 
place. Furthermore, there is always some uncertainty in the re-
producibility of the purity of the scintillation system, in the 
removal of radiation- quenching oxygen, and even in geometry involved 
in mounting the sample vials. The instrument contributes to the 
error via electronic and other time factors (i.e. scaler). Thus, the 
photomultiplier (page 222 ) produces a large and variable number of 
thermal noise pulses even at very low temperatures. Unfortunately, 
the amplitude of these pulses is essentially the same as that of the 
pulses due to beta decay events. Although the instrument is provided 
with a coincidence circuit, complete elimination of the thermal pulses 
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is impossible. Finally, the manipulation of the samples has its 
share of responsibility for part of the gross error. This is because 
of uncertainties in weighing, diluting, and geometry. Furthermore, 
the vials used are made of glass which is known to contain potassium-40 
in various amounts. The difference in the concentrations of this 
isotope from glass to glass is strikL~g, and the result is a significant 
variation in the background count. Unfortunately, for reasons of time 
saving the background is not determined for the very same vial in 
which the sample is counted. Activation of the glass by ultra violet 
radiation is another source of background. It must be emphasized at 
this point that the 5% error accompanies the efficiency figure used 
in the ultimate calculations and, therefore, is a minimum error. This 
need not be disturbing, hmvever, provided that each sample is analyzed 
several times so as to minimize the statistical error and errors due 
to sample manipulation . In comparing relative molar activities 
(page 226 ) of various compounds, all of which are derived from the 
same starting material and analyzed under the same or similar set of 
conditions, the error in the absolute activity of each sample becomes 
meaningless . This was shown to be the case in the present research . 
Each compound vias analyzed in duplicate, recrystallized, and again 
analyzed in duplicate . The standard deviation of the mean value 
varied from 0.2 to 1% . 
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III. INTERPRETATION OF THE RESULTS 
A. The Role of lumina 
Alumina is widely used as a catalyst in processes such as 
dehydration of alcohols, isomerization, alkylation, catalytic cracking, 
hydroforming, etc. In spite of the extensive use of alumina, however, 
the literature reveals surprrusing differences in its properties and 
catalytic activity. Thus, some authors report that primary alcohols 
such as 1-butanol give pure 1-olefins, whereas others find a mixture 
of double bond isomers. Migration of the double bond is reported in 
same cases to be the only effect of the catalyst, whereas in other 
occasions the same olefins undergo skeletal rearrangements. 
From the fact that the reactions catalyzed by alumina are 
typical acid-catalyzed processes (i.e. dehydration of alcohols, 
skeletal isamerizations), it is generally agreed that alumina is a 
catalyst because it is an acid. Thus, the activity of this catalyst 
for the dehydration of ethanol is markedly decreased by absorbed 
sodium hydroxide (8, 82). Chemisorption of trimethylamine and de-
creased catalytic activity v.ras offered as further evidence ( 82). The 
nature of the acidity of alumina, however, is not indisputably de-
fined. By using titration methods, same authors (114, 124) obtained 
apparent acidity values, indicating the presence of protons (Bronsted 
acidity) in alumina. On the other hand, indicator methods employed by 
others (5, 39) showed no indication of even weak acids. Similarly, no 
exchangeable protons could be detected with ammonium acetate (114). 
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Synthetic cracking catalysts and natural clays give the acid color 
with a variety of indicators for Bronsted acids (9, 110, 122). On 
the other hand, alumina gave no color with the same indicators (39, 
82). This is surprising since the activity for isomerization of 
cyclohexene to methylcyclopentene shown by pure alumina classifies 
it as a relatively strong acid (82). In several recent papers, it 
is claimed that the acidity of alumina is due to Lewis acid sites, 
and that Bronsted acids are of very low acid strength (20, 34, 74, 82) . 
This is based on the fact that indicators, which give colored com-
plexes with typical Lewis acids, produce the same colors when adsorbed 
on alumina (82). Although some authors have considered the protons, 
which may be in the alumina, as responsible for catalyst activity 
(29, 30), others claim that the proton acidity of different acids 
bears little or no necessary relationship to their activity as acid 
catalysts (40). In support of this last argument the fact is brought 
up that silica-magnesia cracking catalysts are actually basic in their 
aqueous solutions and yet are very active. 
The reason for the discrepancies in the literature is to be 
found in the fact that the properties of alumina depend on and vary 
with the method of preparation of the catalyst, crystal structure, 
·surface area, reaction temperatures, contact times, and other factors. 
Alumina is usually prepared by heating various alumina hydrates to 
high temperatures. There are four types of alumina hydrates, namely 
~ -alumina trihydrate (gibbsite), ~-alumina trihydrate (bayerite), 
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0( -alumina monohydrate (boehmite), and ~ -alumina monohydrate 
(diaspore). Thermal decomposition of these hydrates yields a number 
of crystalline variations which are transition stages in a process 
eventually yielding corundum (109). The known variations of the so 
obtained aluminas have been assigned the arbitrary names ~-, r-, 
J -, rt -, 9-, k-:, and x.-alumina. vlith the exception of n -alumina which 
was found to have a cubic lattice, the structure of the other forms 
has not been defined. Tentative tetragonal or orthorombic structures 
have been assigned in some cases, but "further work is necessary" 
(109). One or another or mixtures of these modifications of alumina 
are obtained, depending on which of the hydrates is used as the original 
source and on calcination procedures. Because of the latter factors, 
variations in surface area, residual water, and other properties are 
to be found even among various preparations of the same crystalline 
modifications. 
The active centers of the catalyst, whether Lewis or Bronsted, 
might be represented in varying degrees of hydration by the following 
structures ( 20) : 
' / 
Al(H~)OH ' Al-QH 
/ 
' / Al-0-Al 
/ ' 
The catalytic activity of the alumina is associated primarily with 
the first three structures, since the most dehydrated form is pre-
sumably buried within the bulk structure due to its method of formation. 
From the fact the reactions catalyzed by alumina are typical 
acid-catalyzed processes, it is generally agreed that carbonium ions 
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develop on the catalyst. An early confirmation of this view was 
obtained from studies on the adsorption of triphenylmethyl halides 
and triphenylcarbinol on alumina or silica gel in non-polar solvents 
such as benzene or chloroform (125, 126). It was found that the same 
color was obtained from triphenylmethyl compounds on alumina as 
observed in a solution of triphenylmethyl chloride in sulfur dioxide, 
where dissociation to carbonimn ions does occur. Further evidence 
concerning formation of carbonium inn when an olefin is chemisorbed 
on alumina was obtained from other studies (25), and recently by a 
novel method involving electronic absorption spectra (52). Carbonium 
inns can be formed from addition of either a Lewis acid or a proton 
to a double bond (52). Despite this evidence, however, a conventional 
or even a non- classical carbonium ion (54) is an oversimplification. 
The reactions catalyzed by alumina most probably involve 'catalyst-
organic intermediates the structures of which remain undefined or 
vaguely defined. It is claimed that a carbonium ion formed by transfer 
of a proton to an olefin is relatively free on the surface of the 
catalyst, whereas an ion formed bj interaction with a Lel~s site is 
bonded on the surface (52) . A surface compound of the aluminum 
alcoholate type, i.e. ~Al -R, has been claimed to be an intermediate 
in dehydrations of alcohols on alumina (112) . 
In connection with the catalytic activity of alumina and reaction 
intermediates the possible role of water is worthy of consideration. 
Despite an early claim to the contrary (68), recent investigations 
72 
show that large amounts of water have a poisoning effect on alumina 
(36, 69, 82). Small amounts of water, however, do not appear to 
inhibit catalytic activity. Approximately 10-25% of all the oxygen 
in the alumina undergoes a rapid exchange upon treatment with water-o18 
(67). Furthermore, when a mixture of hydrocarbons and water-H2 is 
exposed to hot alumina the products contain deuterium (35). It has 
been claimed ( 20) that \vater functions as a co catalyst b~ moving 
from one active site to the other and displacing the organic product 
from its catalyst complex, as shown below. 
HO , oH2 
' Al 
/ ' 
HO 
' Al 
/ ' 
H20 .,OH 
' Al 
/ ' + 
In order that water as a cocatalyst can move along the surface of the 
alumina, it seems essential that the active sites be adjacent rather 
than widely distributed over the catalyst surface. The exchange of 
oxygen can be illustrated as follows (20): 
Hol8 H20 .,OH 
' Al ' Al 
/ ' / " 
The deuterium exchange between water-H2 and the organic compounds could 
occur in the followli1g fashion (20): 
:Ho, , oD2 
Al 
/ " 
HO 
' 1 
/ '\ 
DCH2-~H-R 
oo, 11,.oH 
/' 
Extraction of a proton from the carbonium ion could then regenerate 
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the cocatalyst and a deuterated catalyst-organic complex: 
G> 
/ OH 
Al ~ 
"' ' or-
DO CDH-CH-R ,e,., 
Al 
/ ' 
Successive reversals of this exchange utilizing the concept of a 
mobile cocatalyst on chains of active sites accounts for many exchanges 
reported for hydrocarbons which are sufficiently basic to form catalyst-
hydrocarbon complexes in the first place. Pois oning of catalysts for 
exchange by utilizing an excess of water-H2 corresponds to complete 
hydration of Lewis sites. 
Undoubtedly, much has to be learned about the structure of 
reaction intermediates and the nature of the alumina itself. For the 
time being, it is customary in most discussions to postulate carbonium 
ion me chanisms and to indicate the presence of the catalyst over the 
arrow of the reactions illustrated. That is, the question of the 
Source Of the Proton lll. the standard f.;rst stage ' c=c" ~ ' cH-eC1 
..... / , ---, ,.' 
of such processes is avoided. 
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B. Experimental Facts and Postulated Mechanisms 
Results from earlier work (99) on the rearrangement of 62-cti-
hydropyran were reproduced. Exposure of a mixture of 6 2-dihydropyran-
6-cl4 and ~-dihydropyran-o18 on alumina at about 350° resulted in 
equal distribution of the radioactivity between the 2 and 6-positions • 
. o Al~3 > 350° .o + 
Under these conditions the starting material underwent exchange of its 
oxygen for that of alumina to an extent of approximately 50 per cent. 
Exposure of A2-dihydropyran to hot alumina which had been pre-
treated with water- H3 gave rise to 62-ctihydropyran-H3, thus proving 
that .the rearrangement is accompanied by exchange of hydrogen between 
dihydropyran and alumina. In this operation tritium was introduced 
to positions 3 and 5 of the product in approximately equal proportions. 
The symmetric distribution of this tracer serves as a further evidence 
for the rearrangement of 62-dihydropyran. The necessity of the alumina, 
at least for the hydrogen exchange, was demonstrated by exposing a 
mixture of A2-dihydropyran and water-H3 to hot glass wool; the product 
of this reaction was completely inactive. 
The discussion presented herein will attempt to integrate the 
already avail~ble facts into a reasonable conclusion and offer some 
speculations on the rearrangement of 62-ctihydropyran from a mechanistic 
point of view. 
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Migration of the unsaturation around the skeleton of the dihydro-
pyran molecule, as shown in the earlier postulated pathways A and B 
(page 5), must be ruled out on the basis of the exclusion of 3-cti-
hydropyran as an intermediate (59, 97) and in the light of the 
hydrogen exchange results obtained in this work. Path A predicts 
appearance of tritium at positions 2 and 6 of the rearranged product, 
and mechanism B predicts distribution of the tracer throughout the 
molecule. 
The appearance of tritium at positions 3 and 5 of the rearranged 
dihydropyran is in agreement with the predictions of both pathways C 
and D (pp. 6 & 7). Original protonation at position 3 of the di-
hydropyran is perfectly justified on account of the vinyl ether type 
of this compound. · Unfortunately, a definite decision between these 
two mechanisms cannot be reached because of the partial oxygen ex-
change. ssuming that path D is responsible for the interchange of 
positions 2 and 6 as well as for the exchange of oxygen, one would 
expect tl~ oxygen to exchange far beyond the found value of 50%. 
The only way to explain the obtained results on the basis of an 
exclusive operation of mechanism D would be to assume that each 
molecule of dihydropyran undergoes ring opening and formation of a 
dioxygenated intermediate (page 6) only once during the operation. 
This intermediate could then collapse in either of two directions, 
thus accounting for the complete interchange of carbon atoms 2 and 6 
as well as for the 50% exchange of oxygen. Ring opening of dihydro-
pyran only once during the reaction, coupled with rapid equilibration 
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of hydrogen bound to position 3 with hydrogen from the catalyst, would 
also fit the observed non-statistical distribution of tritium 
(page 59 ). It is very unreasonable, however, to accept or even 
assume that the process of ring opening occurred only once in each 
molecule. The possibility of an isotope effect operating against the 
exchange of oxygen-18 must be excluded because the oxygen isotope 
effect is generally very small (page 26). 
Before any speculation as to the mechanism or mechanisms of 
the rearrangement of dihydropyran over al~~a, it must be admitted 
that the facts presently available are insufficient. Thus, there is 
a possibility that the isomerization, the exchange of oxygen, and the 
exchange of hydrogen are three independent processes. The appearance 
of tritium at positions 3 and 5 of the product may be merely a 
secondary effect resulting from simple protonation and deprotonation 
of dihydropyran prior and after its rearrangement. The fact that 
hydrogen exchange was not observed in the experiment over hot glass 
wool does not necessarily mean that the dihydropyran did not undergo 
any isomerization. The exchange of hydrogen requires acid conditions 
L~ this particular case and glass wool is either neutral, or most 
probably basic. Similarly, it is possible th~t exchange of oxygen 
can occur via a slower reaction which may not be connected at all vnth 
the rearrangement itself, or the exchange of hydrogen. It must be 
pointed out, however, that the operation of three independent processes 
stands as a remote possibility. As was described in the preceding 
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Section, all reactions catalyzed by alumina are typically acid-
catalyzed reactions and have been successfully explained on the basis 
of carbonium ion mechanisms. Furthermore, the catalytic activity of 
alumina was shown to be due to its intrinsic acidity. Therefore, 
it is highly unlikely that there is not an immediate connection be-
tween the hydrogen exchange and the rearrangement itself. Most 
probably, the exchange of oxygen is also associated closely with both 
the exchange of hydrogen and the isomerization. Unless the dihydropyran 
ring opens to form a symmetric dioxygenated intermediat~, it is 
difficult to accept that its ethereal oxygen, or the alcohol~ oxygen 
in case of momentary hydration to 5-hydroxypentanal, undergo direct 
displacement. The formation of such a symmetric intermediate, hm'fever, 
presupposes protonation of the double bond. Furthermore, the symmetry 
of such an intermediate leads directly to possibility for isomerization. 
Alumina is believed to be necessary for both the rearrangement and the 
exchange of oxygen. It must be pointed out that 82-dihydropyran-6-
c14-o18 prepared by pyrolysis of 5-hydroxypentanal-5- C14-l-o18 at 
200-280° had not undergone any isomerization or oxygen exchange. The 
necessity of the catalyst is further supported by a comparable case of 
exchange of heterocyclic oxygen, which vias reported t o occur only in 
the presence of alumina as shown on the following page. 
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0 Al2<>3 > 0 H2S-Al~3 0 O - CH20H 300° O 425° S 
l--~~~-----'j H2S-Al~3j375• 
In case of an extensive oxygen exchange, and heavier accumulation 
of tritium at position ~' a mechanism such as the one designated as D 
(page 6) would perfectly account for all the facts. As much as it 
would be desirable to ha¥e only one mechanism, however, the experimental 
facts suggest strongly that at least one more mechanism operates at 
the same time . In view of the previously presented discussion, it 
appears to be very possible that the mechanisms designated as C and D 
operate simultaneously. Both paths explain the rearrangement of di--
hydropyran and account for the observed exchange of hydrogen . If 
path D is a slower process as compared to mechanism C, less extensive 
exchange of oxygen would be seen under the conditions employed in the 
. ) 
present research. It is obvious that the value of 50% exchange is 
merely coincidental, and that with longer reaction time (prolonged 
contact between dihydropyran and alumina) this exchange shculd approach 
the 100% value depending on ratios of dihydropyran to alumina employed. 
In both mechanisms protonation occurs at th~ 3- position of dihydropyran, 
as expected ~rom a vinyl ether system, and the rearrangement takes place 
via a 1,3 or 2,6 hydride shift of which numerous cases are reported 
. ( 
in the literature (4, 65, 86, 87, 11~, 130, 132). The fact that tritium 
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was not distributed equally in each of the 3 hydro~ns ~t the 3 and 5-
positions need not be taken against the possibility of two mechanisms . 
The presence of water on alumina in the study of the hydrogen exchange 
could have retarded both processes (page 59). Undoubtedly, -the inter-
mediates, especially in path c,. involve something more complex that 
a simple carbonium ion (see preceding Section). Mechanism D yostulates 
a dioxygenated intermediate which is so similar to those encountered 
in the Oppenauer and Meerwein-PonriJori-Verley pro~esses (22, 132), that 
the only difference in the present case is the presence of an aldehydic 
and an alcoholic oxygen in the same ·molecule. An oversimplification 
of path D is the format ion of a 5-hydroxypentanal intermediate, 
followed by a Meerwein-Pondorff-Verley interchange of its aldehydic 
and alcoholic functions. As it was mentioned previously, more facts 
are needed . Until these facts are available , it is tentatively 
concluded that the results obtained in the present research can be 
accommodated in ard explained by a simultaneous operation of the 
earlier postulated mechanisms C and D (illustrated on pages 5 and 6). 
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C. Suggestions for Future Work 
In the light of the results obtained in the present research 
the rearrangement of 62-dihydropyran over hot alumina is best explained 
on the basis of a simultaneous operation of two mechanisms. The 
mechanism accounting for the exchange of oxygen is a slower process 
compared to that causing isomerization of positions 2 and 6. The 
speculation on two mechanisms can be tested by varying the time of 
contact between the dihydropyran and the catalyst. It is suggested 
that the interchange of carbon-14 and the exchange of oxygen-18 be 
studied at different contact times starting with short exposures. 
This can be accomplished either by maintaining the rates of addition 
employed throughout the investigation of this rearrangement and 
varying the length of alumina columns, or by maintaining the same 
column and varying the rate of flow of dihydropyran. In either case 
it is strongly recommended that the hourly liquid space velocity 
(volume of liquid feed per volume of catalyst per hour) be determined 
(28, 82) for each operation. If two mechanisms operate, the ex-
pectation is that the equal distribution of carbon-14 between the 
positions 2 and 6 of dihydropyran will occur much before the exchange 
of oxygen-18 reaches the 50% mark observed in the present work. Of 
course there is no need to determine the exact time required for 
complete isomerization; a comparison of the ratios of carbon-14 
interchange versus oxygen-18 exchange at .various contact times will 
be very revealing early in the investigation. 
The preparation of dihydropyran labeled both with carbon-14 and 
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oxygen-18 (page 24) is also recommended as a much simpler process. If 
tritium can be determined without interference by carbon-14, exposure 
to alumina of a mixture of ~-dihydropyran-6-cl4-ol8 and tritiated 
water may simplify the over-all process. Such an experiment would 
also furnish evidence concerning the earlier stated possibility of 
retardation of rearrangement because of hydration of the catalyst 
(page 60). 
Rearrangement of 62-ctihydropyran in absence of alumina should 
also be considered, even as a remote possibility. It is suggested 
that ~2-ctihydropyran-6-cl4-ol8 be exposed to hot (3500) glass wool 
and the fate of the two tracers be determined. 
Bremner, Jones, and Beaumont (10) reported that ~-dihydropyran 
undergoes ther-mal decomposition to give ethylene and acrolein. At 
0 500- 540° ) 
temperatures varying from 500° the yields of ethylene and acrolein 
were 88% and 85% respectively, and were the same regardless of whether 
the reaction had been carried in an empty tube or over alumina. 
Although the temperatures employed were much higher th~1 those of the 
present work, the formation of these two products occurs even at 
400° at the expense of the yields. The apparent resemblance of the 
above decomposition to a Diels-Alder process suggests that the reaction 
may be reversible. If this is the case, then there is a possibility 
of oxygen exchange between acrolein and alumina followed by recombination 
of the two fragments. It is realized that due to the symmetry of the 
ethylene fragment the chances are that the oroginal carbon at position 
6 of dihydropyran may appear at position 5 of the product of re-
combination. In other words, starting with a 2-dihydropyran-6- c14 the 
radioactivity may also appear at position 5 of the rearranged product, 
which is contrary to the already existing facts. However, there is a 
possibility, at least on alumina, that the two fragments of the above 
illustrated decomposition do not fall completely apart and that 
their position in the transition state is quite similar to that in the 
original dihydropyran, thus excluding the appearance of radioactivity 
at position 5. If this is the case, then this process may be respon-
sible for the observed exchange of oxygen. The fact that Stouffer 
(102) found at least 5% of the radioactivity in the rearranged product 
to be located at the upper part of the molecule (positions 3,4, & 5) 
may very well be due to a limited random recombination of ethylene 
and acrolein fragments. An experiment involving exposure of a mixture 
of ethylene and acrolein to alumina at about 350° may also prove 
interesting. If the above described process is reversible, it is 
possible that at the temperature of 350° the equilibrium favors the 
dihydropyran. 
Finally, the similarity of the intermediate postulated for the 
mechanism involving oxygen exchange with those encountered in Meerweie-
Pondorff- Verley processes suggests that there may be a relationship 
between the two cases . An experiment involving heating of 5-hydroxy-
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pentanal-5-C14-l-o18 (precursor of ~2-dihydropyran-6-c14-o18 ) with 
al~~um isopropoxide ill the presence of some isopropyl alcohol may 
result in an interchange of the aldehydic and alcoholic functions. 
If such an interchange takes place, then the dihydropyran obtained 
will contain carbon-14 both at the 2 and 6-positions. 
IV. EX.PERll1ENTAL DETAILS(*) 
A. Synthesis of .12-Dihydropyran-o18 
1. Tetrahydrofurfuryl Chloride 
O -CH;2CJH 
0 
SOCl2 
Py ) O -CH2Cl 0 
The procedure followed in this preparation was adapted from 
that of Stouffer (103). 
Tetrahydrofurfuryl alcohol (Matheson-Coleman, Practical) was 
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allowed to dry overnight over a small amount of calcium hydride, then 
transferred into a dry distilling flask under nitrogen and distilled 
under reduced pressure through a one foot Vigreux column from a steam 
bath. After a small forerun a major fraction was collected at a 
boiling point of 59-60° (10 mm~), nD25 1.4470. Stouffer (103) reports 
b.p. 76-77° (17 rom.), nD25 1.4471; Laundrieu, Baylocq and Johnson (51) 
report b.p. 72- 73° (15 mm.). 
In a 2 liter three- necked flask, equipped with a mechanical 
stirrer, dropping funnel and thermometer, was placed 408 g. (4 moles) 
of tetrahydrofurfuryl alcohol along with 348 g. (4.4 moles) of pyridine 
(Coleman & Bell; dried and distilled from barium oxide at 115-115.5°). 
The stirred mixture was cooled in an ice bath until its temperature 
(~~) Elemental analyses were performed by Dr. Carol K. Fitz, Needham 
Heights, J.vlass. All melting points were taken li'Tith a Hoover 
Uni-Melt melting point apparatus &~d are uncorrected. 
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was about 10°. Then, 475 g. (4 moles) of thionyl chloride (Eastman 
Kodak, ''Vfu.ite Label") was added dropwise with vigorous stirring at 
such a rate that the internal temperature was maintained at about 40° 
throughout the addition, which lasted three hours. grey pasty 
solid formed about half way through the addition but dissolved later 
as the operation approached its completion. The dark brown reaction 
mixture was then allowed to remain at room temperature overnight with 
continuous rapid stirring. During this period some brown solid formed 
and upon interruption of the stirring a massive crystallization 
occurred. The product was extracted from this mass by stirring with 
several 500 ml. portions of ether and decanting the extracts into a 
5 liter Erlenmeyer flask until the last portion of ether decanted 
was colorless. A total of 5 liters of ether was required for the 
extraction process. The combined ether extracts were dried for two 
hcurs over anhydrous magnesium sulfate, and the ether was removed by 
distillation through a one foot Vigreux column from a water bath at 
20° with gentle suction from a water pump. The residual dark brown 
oil was heated by means of a ste~ bath and the product distilled 
under reduced pressure at a boiling point of 34.5-35° (7 mm.). The 
yield of tetrahydrofurfuryl chloride, nn25 1.4555, was 340 g. (70%). 
Stouffer (103) reports b.p. 38.5-39° (10 mm.), nD25 1.4557; Brooks 
and Snyder (12) report b.p. 41-42° (11 mm.) and Kirner (46) reports 
b.p. 38.5-39° (10 mm.), nD25 1.4560. 
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2. 4-Penten-1-ol from Tetrahydrofurfuryl Chloride 
Na 
ether 
The following procedure was adapted from that of Stouffer 
(104). 
Freshly cut sodium, 127 g. (5.5 g. atoms), was placed in a 2 
liter three-necked flask containin 250 ml. of toluene (Herck, 
Reagent Grade). The flask, its outer necks stoppered and the middle 
fitted with a condenser, was warmed by means of a heating mantle until 
the sodium had become molten. The flask was then shaken vigorously 
several times and allowed to cool. The process of heating, shaking 
and cooling was repeated three times until sodium in the form of fine 
sand had been obtained. The toluene was then decanted and the sodium 
washed five times with 50 ml. portions of commercial anhydrous ether. 
Commercial anhydrous ether (700 ml.) was added and the flask 
was fitted with a dropping funnel, Trubore stirrer, and condenser 
equipped with a calcium chloride drying tube. A solution of 340 g. 
(2.8 moles) of tetrahydrofurfuryl chloride in 340 ml. of anhydrous 
ether was added dropwise '~th stirring to the suspension of sodium 
while the flask was cooled in an ice bath. After the reaction had 
started, as indicated by the appearance of a blue color, the rate of 
addition was controlled so that the reaction solution was maintained 
at a gentle reflux. The addition was completed in three hours and the 
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reaction mixture, a thick yellowish suspension, was allowed to remain 
overnight at room temperature with moderate stirring. The flask was 
then cooled L~ an ice bath and distilled water was cautiously added 
dropwise with rapid stirring until all solid material had dissolved 
~1d two layers formed. The ether layer was separated by means of a 
three liter separatory funnel and the aqueous layer washed twice 
l~th 100 ml. portions of ether. The combined ether extracts were 
allowed to dry for three hours over anhydrous magnesium sulfate and 
the ether was removed by distillation through a two foot Vigreux 
column from a steam bath. The residual yellowish oil was transferred 
to a 500 ml. distilling flask and the product distilled through a six 
0 inch Vigreux column at a boiling point of 135-138 from an oil bath 
at 165-170°. The yield of the alcohol, nD25 1.4289, was 195 grams or 
80 per cent. Stouffer (104) reports b.p. 135-137°, n025 1.4291; Brooks 
and Snyder (12) report b.p. 134-137°; Kharasch and Fuchs (44) report 
b.p. 76.4° (60 mm.), n025 1.4299. 
3. 4-Penten-1- ol from Allylmagnesium Chloride and Ethylene Oxide 
Mg ~ 
ether 
1. 
2. HOH/HQ) 11 
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The procedure followed in this preparation was adapted from that 
of Kharasch and Fuchs (44). 
Hagnesium turnings, 80 g. (3.3 g. atoms, Eastman Kodak, ''White 
Label) and 400 m1: of ether, which had been dried for several days over 
sodium, were placed in a three liter three-necked flask fitted with a 
Trubore stirrer, dropping funnel and reflux condenser. The upper 
part of the condenser was cor~ected through a calcium chloride tube 
and trapping flask to a water bubbler in order to observe the rate of 
evolution of gaseous by-products. Allyl chloride, 230 g. (3 moles; 
Eastman Kodak, '1\'Jhite Label"; dried overnight over anhydrous magnesium 
sulfate and distilled at 44·5-45°) was dissolved in 400 ml. of dry 
ether (see above) and the solution was added dropwise with vigorous 
stirring while the reaction f lask was being cooled by means of an 
ice bath. The rate of addition was controlled so that only very 
little evolution of gas was observed in the water bubbler. The 
addition was completed in about eight hours and the reaction mixture , 
a bulky gray suspension, was allowed to remain at room temperature 
overnight under an atmosphere of nitrogen (introduced through the 
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condenser) vnth continued vigorous stirring. 
The water condenser was replaced by another adapted for use of 
Dry Ice and acetone. Precooled (0°)' ethylene oxide, 140 g. (3.2 
moles, Eastman, ''White Label") was placed in a 250 ml. round bottorred 
flask vThich was then connected to the main reaction flask by means 
of a properly shaped tube (cf. apparatus for circulation of formaldehyde, 
page 103). The inlet tube was maintained slightly above the surface 
of the reaction mixture in order to avoid undesirable plugging. 
Ethylene oxide gas was generated slowly by means of a water bath at 
0 14-15 and passed into the Grignard reagent with simultaneous vigorous 
stirring. Under these conditions only a very small amount of ethylene 
oxide condensed in the Dry Ice-acetone condenser. The addition was 
completed in about 8 hours and the reaction mixture was allowed to 
remain overnight at room temperature with stirring. The mixture 
was then brought to reflux temperature and stirred for an additional 
2 hours. 
Hydrolysis was carried out by pouring the reaction mixture onto 
one and one half kilograms of ice in a 4 liter beaker and adding 20% 
aqueous acetic acid solution with stirring until all the solid had 
dissolved and two layers appeared. The ether layer was separated by 
means of a 3 liter separatory funnel and the water layer was extracted 
four times with 100 ml. portions of ether. The combined ether 
extracts VTere washed with 5% sodium bicarbonate solution until the 
washings were alkaline, then with a small amount of water and finally 
dried for three hours over anhydrous magnesium sulfate. After removal 
90 
of the ether by distillation through a 2 fo ot Vigreux column from a 
steam bath, the product was distilled through the same column from an 
oil bath at 160-170°. A considerable amount of f orerun was collected 
until the temperature gradually reached 135°. The yield of 4-penten-1-
0 
ol, which was collected at a boiling point of 135-138 and had an 
index of refraction nD25 1.4289, was 178 grams (69%). Redistillation 
of the f orerun from the same column afforded an additional 15.5 grams 
(total yield: 75%). 
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4. 1-Bromo-4- pentene 
The procedure followed in this preparation was essentially that 
of Stouffer (105). 
In a 500 ml. three- necked flask, equipped with a Trubore stirrer, 
dropping funnel and condenser, was placed 126 g. (0.47 mole) of phos-
phorus tribromide (Eastman Kodak, ''White Label"). The flask was cooled 
by means of an ice bath and a mixture of 100 g. (1.2 mole) of 4-penten-
-1-ol and 25 ml. of pyridine (dried and distilled from barium oxide) 
was added dropwise with stirring and cooling. The rate of addition 
was controlled so that all the mixture was added in approximately one 
hour. The reaction mixture, a white pasty solid, was diluted with 
200 ml. of ether (dried for several days over sodium) and allowed to 
remain overnight at room temperature with moderate stirring. The 
dropping funnel was then replaced by a stopper and the condenser 
adjusted for distillation by means of a proper adapter. While stirring 
was maintained, the ether was distilled from a steam bath and the crude 
product from an oil bath at 150-170°. The distillation was interrupted 
as soon as thick white fumes had appeared in the condenser.· The crude 
product was washed with 30 ml. of 5% aqueous sodium hydroxide solution, 
an equal volume of distilled water and, finally, allowed to dry for 2 
hours over Drierite. The bromide was then distilled through a 10 em. 
Vigreux column from an oil bath at 160°. After a small forerun the yield 
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of the product, b.p. 126-128°, nD25 1.4600, was 127 g. (73%). Stouffer 
(105) reports b.p. 125-128°, nD25 1.4587; Kharasch and Fuchs (45) 
report b.p. 125-128°, nD20 1.4632; Gaubert, Linstead and Rydon (26) 
report b.p. 125-129°, and LaForge, Green and Gersdorff (50) report 
b.p. 128-130°, nD28 1.4610. 
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5. Paraformaldehyde-ol8 
The procedure for this preparation was based on general infor-
mation given by Walker (120) and on several preliminary experiments 
which are summarized in Table I (page 9, ). 
Six grams ( 0. 2 moie~~) of paraf ormaldehyde (Eastman Kodak, ''White 
Label") Vias placed in a 50 ml. round bottomed flask along with 36 g~ 
(2 moles) of water containing 1.86 total atom per cent oxygen-18 
(obtained from the Weizmann Institute of Science·, Israel). The flask 
was fitted with a reflux condenser the top of which was connected to 
a nitrogen tank via a U-shaped tube-valve containing mercury. Both 
the flask containing the mixture and the condenser were swept through 
with nitrogen prior to their connection and the inert atmosphere was 
maintained throughout the experiment by passing nitrogen at a slow 
rate. The mixture was then heated to its boiling point with a heating 
mantle and allowed to reflux gently for three hours until nec?-rly all 
the solid had dissolved. The solution was allowed to cool to about 
15° without disconnecting the assembly, and then separated from 
suspended impurities by filtration through a sintered glass funnel of 
fine porosity enveloped by nitrogen flowing through an inverted funnel . 
(*) Moles of formaldehyde expected assuming that the formula of the 
polymer is (CH20)x 
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The filtrate was caught directly in a tared 50 ml. distilling flask, 
already connected to a distillation assembly consisting of a Claisen 
type one-piece unit with 15 em. Vigreux column, and a 100 ml. receiving 
flask cooled by means of a Dry l ee-acetone bath. The filter funnel 
had been fitted onto the vertical neck of the Claisen unit leading 
directly into the distilling flask, while gentle suction from a water 
pump was applied at the side arm of the unit close to the receiving 
flask. The water was then distilled under reduced pressure from a 
mechanical pump at a temperature range of 18-22° ( 5 mm.) by using a 
water bath at 30°. Traces of water vapors escaping from the receiving 
flask were collected in the clean trap of the pump. 'rhe residue, a 
white compact mass, was allowed to dry as much as possible within the 
assembly for one hour with continued evacuation. The flask was then 
disconnected from the assembly and placed in a vacuum desiccator over 
phosphorus pentoxide until a constant weight was obtained (ca. 24 hours). 
The yield of paraformaldehyde-o18 was 5.3 grams (88%). The yield of 
the recovered water-o18, which contained traces of formaldehyde as 
indicated by a positive methone test, was 34. 5 g. (34 g. in the 
receiver and 0 . 5 g . in the trap) or 96 per cent. 
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TABLE I 
RECOVERY OF PARAFOBl'iALDEHYDE (PFAj FROM WATER SOLUTIONS OF FORMAL-
DEHYDE( -J~) 
Exp .No Source of Distil. Pressure Per cent Recovery 
1 
2 
3 
4 
5 
6 
7 
8 
9 
orig. PFA temper. (mrn.) PFA( -1:-:~) H20 
Eastman, 98°- Atmosph. ca . lOO( ~H<-:..~) 
White Label 
" 
No record 22- 25 77 93 
tt 30-35° 15- 20 77 94 
" 
25-29° 12-15 80 95 
Baker,USP. 25- 27° 12-14 78 96 
tl 23- 25° 10-12 80 96 
" 
18- 22° 3-5 88 98 
Eastman, w.L. 17-21° 3-5 88 97 
" 
17-20° 2- 6 88 96 
The formaldehyde solutions were prepared by dissolving commercial 
paraformaldehyde in distilled water exactly as described in the 
preceding experiment. Mole ratio : PFA/ H2o = 1/ 10 
Yields of recovered paraformaldehyde were determined after drying 
to constant weight in a vacuum desiccator over valcium chloride 
(exp. 1,2,3,4,5 and 48 hours) or phosphorus pentoxide (exp. 6, 
7,8 and 9 for 24 hours) 
In the distillation under atmospheric pressure all the formalde-
hyde distill~d with the water without any residue in the distillli1g 
flask. 
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6. Determination of Formaldehyde in Water Solutions of 
Depolymerized Paraformaldehyde 
The procedure followed in thi~ determination was adapted from that 
of Walker (121). 
Paraformaldehyde, 0.298 g. (0.0099 mole, Eastman Kodak, '~ite 
Label"; dried for several days in a vacuum desiccator over phosphorus 
pentoxide) was weighed in a tared 10 ml . distilling flask . Distilled 
water, 1.8 ml. (0.1 mole) was added and the flask was fitted with a 
small condenser and heated by means of a small heating mantle until 
all the paraformaldehyde (save a very slight turbidity) had dissolved. 
The resulted solution was transferred in a 500 ml. ~rlenmeyer flask 
with the aid of 250 ml. of distilled water and 60 ml. of 5% alcoholic 
solution of methene (slight excess) was added. The flask was stoppered, 
swirled gently and allowed to remain overnight at room temperature. The 
precipitated white voluminous solid was collected quantitatively on a 
tared sintered glass funnel with the aid of ice-cold distilled water 
used through a washing bottle. The white crystalline product was 
placed in a vacuum desiccator and allowed to dry to constant weight 
over Drierite. The dried for.maldehyde-bis~ethone was found to weigh 
2.8218 g., which corresponds (from stoichiometry) to 0.2898 g. of 
formaldehyde. Thus the amount of formaldehyde available in the polymer 
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amounts to 97 . 2 per cent . 
In an earlier similar determination the formaldehyde available 
had been found to be 96.2 per cent. 
18 5-He.xen-1-ol-o 
·g ~ 
ether 
1. CH2018 
2. HOH/ H(j 
The following procedure was based on experience gained from a 
series of preliminary experiments which are summarized in Table II 
(page 104) . 
Small pieces of magnesium, 4.9 g. (0 . 2 g. atom, obtained by 
turning a block of Dow Chemical Co. sublimed magnesium; ordinary 
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"Grignard ' magnesium was not tried) were placed in a 300 ml. three-
necked flask equipped with a stirring bar, condense r and dropping 
funnel with pressure equalizer. I n order to remove possible traces 
of moisture, the flask was warmed with a small flame vmile t he 
assembly was being swept through the condenser bJ nitrogen, which 
had been dried bJ passage through a w~sh bottle containing concen-
trated sulfuric acid and a tower filled with soda lime. The f lask 
was then mounted on a magnetic stirrer and allowed to cool. 
A solution of 30 g . (0. 2 mole) of freshly distilled 1- bromo-4-
pentene in 200 ml. of ether, which had been dried for several days 
over sodium, was placed in the dropping funnel and added dropwise 
with stirrin • The inert atmosphere was maintained throughout the 
addition by passing nitrogen at a rate which was just perceptible . 
The reaction started almost instantly and the rate of addition was 
• 
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controlled so that a gentle reflux of the solvent was maintained. The 
addition was completed in about one hour during which nearly all the 
magnesium had reacted. The reaction mixture was warmed by means of 
a water bath at 50° so that reflux was maintained for an additional 
one half huur, and then allowed to cool at room temperature. 
Figure 1 (page 103) shows the apparatus for generating formaldehyde 
from paraformaldehyde and introducing the formaldehyde to the reaction 
mixture. A 50 ml. round bottomed flask (A) was connected with the 
main reaction flask by means of a properly shaped tube (B) (having 
the same diameter as that in 24/40 standard taper joints), which was 
wrapped with a heating tape (C). The open upper end of the tube was 
connected to an adapter (D) through which a "hot finger" (F) could 
be inserted. The latter consisted of a tube which was sealed at its 
lower end and could be heated electrically by means of an inserted 
resistance made of Nichrome spiral wire. Operation of the "hot 
fingern at any vertical position was made possible by sliding it 
through a piece of rubber tube (E) fastened to the top of the 
adapter (D). Finally, in order to secure an even distribution of 
heat, the exposed parts of the glass tubing were covered with glass 
wool and aluminum foil whereas the "hot finger" was filled to half 
its height with silicone oil. 
Parafor.maldehyde-ol8, 5.0 g. (0.17 mole of formaldehyde) was 
placed in the generator flask (A) and the previously described assembly 
was connected to the main reaction flask by replacing the dropping 
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funnel. The "hot finger" was fixed at such a position that its sealed 
end was kept about 5 mm. above the lower end of inlet tube (B), which in 
turn was kept slightly above the lowest central surface of the Grignard 
solution by stirring at an appropriate speed. The last arrangement 
was found necessary in order to avoid plugging of the inlet tube by 
deposition of magnesium salts. Finally, the circulation of nitrogen 
was interrupted and the freed exit of the condenser was protected by 
a calcium chloride tube. 
Formaldehyde-o18 was generated and passed into the Grignard 
solution by heating the generator flask at 160-170° by means of a 
calibrated heating mantle (Variac reading: 40, found by heating an 
identical flask containing grease into which a thermometer had been 
inserted). Approximately the same temperature "''ras maintained through-
out the glass tubing by means of the heating tape and the "hot finger" 
which had also been calibrated (Variac readings: 60 and 15 respectively, 
found by means of properly inserted thermocouples). A moderate reflux 
of the solvent was observed throughout the addition, which was com-
pleted in about one hour. Near the end of the reaction some formaldehyde 
polymerized on the upper walls of the reaction flask and the lower part 
of the condenser. The reaction mixture was warmed with a water bath 
so that a gentle reflux of the ether was maintained for an additional 
one half hour, and then allowed to cool to room temperature. 
Hydrolysis was carried out by pouring the reaction mixture in 
small portions with stirring (magnetic stirrer) onto a mixture of 
225 g. of ice and 7.5 ml. of concentrated sulfuric acid placed in a 
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one liter wide~outhed Erlenmeyer flask. The mixture was stirred for 
an additional 15 minutes until the originally precipitated white 
solid had dissolved and two layers formed. The ether layer was 
separated with a separatory funnel and the aqueous layer was extracted 
twice with 50 ml. portions of ether. The combined ether extracts were 
dried overnight over anhydrous magnesium sulfate and the ether was 
removed by distillation through a one foot Vigreux column from a 
steam bath. The residual yellowish oil was transferred with a 
capillary pipette into a one-piece distilling unit having a 10 em. 
Vigreux column, and distilled at atmospheric pressure. After a small 
forerun the product was collected at a boiling point of 156-158° from 
an oil bath at 185-190°. The yield of the alcohol, nD25 1.4322, was 
13 g. or 78 per cent, based on paraformaldehyde-o18• Stouffer (106) 
reports b.p. 158-159°, nD25 1.4322; Gol'mov (27) reports b.p. 155.5-
1560 (718 mm.), nD20 1.4364. 
Oxygen-18 Content(*) 
Two samples were prepared as described on page 21 5 . Their total 
oxygen-18 concentration (including the normal abundance) was as 
follows: 
(~~) Mass-spectrometric determinations were performed by Dr. M. L. 
Bender at the Technology Center of the Illinois Institute of 
Technology. 
Sample 1: 0.702 atom per cent o18 
Sample 2: 0. 770 n n n n ( -Jl-*) 
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(~}) The reproducibility of oxygen- 18 determinations on two samples 
of the same compound was reported (by the Analyst) to be within 
±5%. It is not known where to attribute the observed difference 
of about 10%. Difference in purity is highly questionable 
because the two samples were distilled in quick succession from 
the same batch and under the very same conditions. Despite the 
discrepancy, it was suggested (by the Analyst) that the average 
be taken. 
FIGURE 1 
APPARATUS FOR PREPARATION OF 5-HEXEN-1-01-0lS 
A. Flask for generation of formaldehyde-o18 
B. Tube delivering CH2o into the Grignard solution 
c. Heating tape 
D. Adapter 
E. Rubber band allowing motion of hot finger 
F. Hot finger 
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TABLE II 
CONDITIONS AND RESULTS IN PRELDITNARY ElCP RD®JTS LEADHJG TO PREPA-
RATION OF 5-HEXEN-1-01 
Exp.No Moles of Moles of Position of tube Yield of alcohol(~/o) 
1 
2 
3 
4 
5 
6 
7 
9 
10 
11 
12 
13 
CH20(*) Bromide delivering CH2o(~*) from Brom. from CH2o 
0.20 
0.20 
0.17 
0.15 
0.17 
0.17 
0.17 
0.15 
0.15 
0.15 
0.17 
0.17 
0.17 
0.14 
0.15 
0.14 
0.14 
0.17 
0.17 
0.15 
0.18 
0.18 
0.18 
0.17 
0.17 
0.20 
Immersed in rx.soln 
" " " 
" " " 
It 
" 
tt 
" " 
n 
tt 
" 
tt 
slightly above sur-
face of . soln(~~-~) 
immersed in rx.soln 
above in 1/2 of rx., 
immersed later 
immersed in rx.soln 
slightly above sur-
face of rx. mixt. 
n 
" 
tt 
tt tt tt 
41.1 
66.0 
67.4 
65.5 
31.0 
58.0 
70.2 
66.7 
77·4 
(*) Formaldehyde was generated by heating paraformaldehyde which had 
been prepared by dissolution of commercial polymer in distilled 
water followed by vacuum distillation of water (page 93 ). Holes 
were calculated on the assumption that the formula of the polymer 
is (CH20)x 
(~~) Tube entering the flask with the Grignard reaction mixture. In 
experiments 1 through 6 this tube was not heated internally. 
( *-:B:·) In experiments 7 through 13 tube lias heated by "hot finger". 
8. 
a. 
18 6 2- Dihydropyran-o 
Calibration of the Ozonolysis Apparatus 
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The apparatus which was employed in the ozonolysis experiments 
throughout the present work was similar to that described by Smith, 
Greenwood and Hudrlik (95). 
Eighty milliliters of methylene chloride, which had been dried 
and distilled from calcium hydride (b.p. 42°) was placed into a tube 
which was roughly ten inches high and one and one half inch in 
diameter. Into an identical tube was placed 70 ml. of 2% aqueous 
potassium iodide solution, and both tubes were placed in series on 
the ozonolysis apparatus so that the one with the latter solution 
was the last through which ozone would pass. The tube containing the 
methylene chloride was cooled in a Dry Ice-acetone bath, and oxygen 
was allowed to pass through both solutions at such a rate that an 
uninterrupted chain of bubbles could be observed. The stop-cocks 
were then turned so that the gas by-passed both tubes, and ozone was 
generated by setting the high voltage controlling Variac at a reading 
of 60 and turning on the current. After having allowed approximately 
one half hour for the equilibrium between oxygen and ozone to be 
attained, the mixture of gases was allowed to pass through the contents 
of both tubes for exactly 5 minutes. The potassium iodide solution, 
which had turned brown due to liberated iodine, was acidified with 
10% sulfuric acid and the iodine was titrated with approximately 
0.1 N. sodium thiosulfate solution using starch as indicator. The 
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calibration was repeated a total of four times. 
The millimoles of ozone passing through the system per minute 
were calculated from the average consumption of milliliters of thio-
sulfate by using the following equation: 
mmoles of ozone/min. _ (milliliters of thiosulfate)(normality) 
2(collection period in minutes) 
For example, the average consumption of milliliters of thiosulfate 
(0.104 N) in the calibration preceded the following experiment was 
41 ml. (40.6, 41.4, 40.8, and 41.2 ml.). Substituting in the above 
equation one finds: 
41 X 0.104 
2 X 5 = 0.427 mmoles of ozone/min. 
Although the theoretical amount of ozone was used only in three 
experiments with 5-hexen-1-ol (pagelll), the apparatus was calibrated 
before every ozonolysis experiment in order to estimate the approximate 
time required for completion of the reaction. 
b. 62-Dihydropyran-6-c14-ol8 from Ozonolysis of a Mixture of 
5-Hexen-l-ol-o18 and 5-Hexen-l-ol-l-c14 
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~0 0 OH -HOH 0 * 18 0 1. 03 - ~ CH2=CHCH2CH2CH2c14H20H 2. HOH/Zn 
The preparation to be described below followed a series of 
preliminary ozonolysis experiments which are summarized in Table III 
(page 111). Some other preliminary experiments, designed to investigate 
the dehydration of the intermediate 5-hydroxypentanal and arrive at 
that compound via alternative routes, are described immediately 
following this experiment. The mixture of 5-hexen-l-ol-o18 and 
5-hexen-l-ol-c14 was prepared and purified as follows: 
Approximately 350 mg. of 5-hexen-l-ol-l-c14, which had been 
prepared by Stouffer (106) and had an activity of about 33 millimicro-
curiE5 per milligram, was transferred with a capillary pipette into 
a small one-piece distilling unit with 10 em. Vigreux column. To the 
same unit was placed 12.9 g. of 5-hexen-l-ol-o18 and the mixture was 
distilled from an oil bath maintained at 185-190°. After a small 
forerun (ca. 0.4 g.) a major fraction of 12.3 g. (nD25 1.4322) was 
collected at a boiling point of 156.5-158° (cf. constants on page 101). 
The mixture of labeled alcohols (0.123 mole) was placed into a 
dry ozonolysis tube identical with the one used in the calibration 
of the apparatus. Seventy milliliters of methylene chloride, which 
had been purified as described in the previous experiment, was added 
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and the tube was placed on the ozonolysis apparatus and cooled by 
means of a Dewar flask containing Dry Ice and acetone. A second tube, 
containing 70 ml. of a 2% aqueous potassium iodide solution, was 
placed in series with the first, and a mixture of ozone and oxygen 
was allowed to bubble through both solutions in the manner described 
in the calibration experiment. The potassium iodide solution turned 
brown after 4 hours and 55 minutes had elapsed, which was pretty close 
to the time of 4 hours and 48 minutes predicted by the preceded cali-
bration. Introduction of ozone was continued for another 5 minutes 
until a blue color (characteristic of excess ozone) appeared in the 
reaction mixture. The circulation of oz6ne was interrupted and the 
ozonolysis mixture, while still on the assembly and cold, was swept 
through with dry nitrogen for about 15 minutes until the blue color 
had disappeared. The tube was then disconnected from the assembly, 
allowed to warm to 0°, and its contents were transferred into a 250 ml. 
Erlenmeyer flask containing 90 ml. of distilled water and 45 g. of 
zinc dust. The mixture was warmed gently on a steam bath for 30 
minutes until the methylene chloride had evaporated. The flask was 
then fitted with a reflux condenser and heated on the steam bath for 
two more hours with occasional shaking. Finally, the mixture was 
allowed to remain overnight at room temperature. 
The reaction mixture was filtered with slight suction (water 
pump) through a sintered glass funnel of medium porosity into a 
500 ml. round bottomed flask. The solid residue was transferred t o 
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the funnel by using small portions of warm distilled water until the 
combined washings reached an approximate volume of 300 ml. The 
aqueous solution was saturated with sodium chloride in order to render 
the organic product less soluble, and then subjected to continuous 
ether extraction for 4f3 hours by using 500 ml. of ether in an assembly 
identical with that employed by l·fcLeod ( 62). The ether extract was 
allowed to dry for two hours over anhydrous magnesium sulfate and 
the ether was removed by distillation under reduced pressure (water 
pump) through a one foot Vigreux column from a water bath at 20°. 
The residue, a pale yellow oil, was transferred with a capillary 
pipette into a small one piece distilling unit with a two inch Vigreux 
column. A small amount of ether (ca. 2 ml.) was used to completely 
transfer the remaining traces of crude product into the pot of the 
unit. The ether was then removed by distillation from a water bath 
at 60°. Few chips of porous clay plate were added to the distilling 
flask and the receiver with the ether was replaced by another small 
flask containing 0.5 g. of potassium carbonate. The pot of the 
distilling unit was then heated by means of a Wood's metal bath, the 
temperature of which was raised slowly to 265- 280°, \~ile the receiving 
flask was cooled in an ice bath. The distillate consisted of an 
organic and an aqueous layer. The lower aqueous layer was removed as 
efficiently as possible with a long capillary pipette (immersed all 
the way to the bottom of the flask) and the organic layer was trans-
ferred into another distilling unit, similar to the above, by using 
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another pipette. A small amount of calcium hydride was added and the 
crude product was allowed to dry for three hours, while the pot of 
the unit was kept in an ice bath. To remove remaining traces of water, 
some lithium aluminum hydride was added in very small portions (few 
granules at a time) over a period of one hour until there was no 
visible evolution of gas. The distilling flask was then slowly 
heated to ll5-120° by using an oil bath. After a small forerun the 
product distilled at a boiling point of 84-85°. The yield of A2-di-
hydropyran-6-c14-o18, n0
25 1.4378, was 4.54 g. or 44.2 per cent. 
Stouffer (107) repoPts b.p. 83-84°, n025 1.4378; Sawyer and Andrus 
(91) report b.p. 84-86°; Paul (78) reports refractive index n019 
1.4402, and McLeod (62) reports b.p. 86-86.5°, ~21 1.4416. 
Analysis 
Calculated for c5H8o: C, 71.39; H, 9.58 
Found: C, 71.2; H, 9.7 
OxYgen-18 Content 
Two samples were prepared as described on page 2 15. Their total 
oxygen-18 concentration (including the normal abundance) was as 
follows: 
Sample 1: 0.775 atom per cent o18 
Sample 2: Lost due to accident during the analysis. 
lll 
TABLE III 
CONDITIONS AND RESULTS IN PREL]}llNARY OZONOLYSIS EXPERIMENTS LEADING 
TO THE PREPARATION OF 6"-DIHYDROPYRAN~DHP~ 
Ex:p.No l<Ioles of Amount of Duratinn of Dehydration Per cent 
alcohol( 7!-) ozone ether extr. temperature yield of 
(hoursl ~UEEer limitl DHP 
1 0.05 theoretical 6 240° few drops 
2 0.04 tt 12 250° 25.0 
3 0.05 excess 12 240° 35.0 
4 0.07 tt 24 260° 34-5 
5 0.07 u 36 260° 40.5 
6 0.07 theoretical 48 260° 40.0 
7 0.07 less than 48 265° 39.0 
theoretical 
8 0.14 excess 48 270° 41.2 
9 0.14 n 48 280° 41.7 
10 0.14 
" 
48 270° 42.8 
(~!-) In all experiments 5-hexen-1-ol was dissolved in 70 ml. of methy-
lene chloride (dried and distilled from calcium hydride). 
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9. Dehy:dration of 5-Hy:dro:xypentanal 
The relatively low yields of ~2-dihydropyran obtained from ozono-
lysis of 5-hexen- 1- o'l and subsequent pyrolysis of the crude 5-hydroxy-
pantanal suggested a further study of the latter step. The experiments 
described herein can be summarized in the following cycle: 
H~ 0 H&> > [ HOCCHzCHzCHzCHzOH 
~ 
OJ 
The procedure for the hydration of ~2-dihydropyran was essentially 
that of Woods (131). 
Thirty milliliters of distilled water was mixed with 2.5 ml. 
of concentrated hydrochloric acid in a 100 ml. round bottomed flask 
equipped with a condenser and magnetic stirring bar. Ten grams of 
/). 2-ctihydropyran (dried and distilled from calcium hydride at a boiling 
point of 85-86°) was added and the mixture was stirred at room temper-
ature . An exothermic reaction began within few minutes . Soon after, 
the original two layers disappeared and a clear homogeneous solution 
was obtained. The reaction mixture was stirred for an additional 
20 minutes and then neutralized by adding a 20% aqueous sodium hydroxide 
solution to faint phenolphthalein alkalinity. The solution was 
saturated with sodium chlori~e, and subjected to continuous ether 
extraction for 48 hours by using 500 ml. of ether in an assembly 
identical wit h that employed by HcLeod ( 62). The ether extract was 
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dried and the solvent was removed in exactly the same manner as 
described on page 109- The crude product, a pale yellow oil, weighed 
12.0 g. (almost theoretical yield) . Dehydration of this compound 
was effected by heating either in the presence or in the absence of 
inert solvent. 
The procedure and conditions for the pyrolysis in abs·ence of any 
solvent were identical in every respect with those employed in the 
previous experiment (pagel09). In each of two independent runs (each 
involving 10 g. of starting dihydropyran), the yield of recovered 
dihydropyran, b.p. 84- 85°, nD25 1.4373, was 6.0 g. or 60 per cent. 
In both experiments, a considerable amount of dark brown residue re-
mained in the pyrolysis flask, probably a mixture of tars and high 
molecular weight by-products formed via self- condensation of the 
aldehyde. 
The pyrolysis in the presence of high boiling inert solvents 
was studied in an effort to minimize the amount of the self-condensation 
mentioned above. The pyrolysis apparatus consisted of a 150 ml. 
3-necked flask fitted with a dropping funnel, thermometer, and condenser 
arranged for distillation. A 75 ml. pear shaped flask containing 0.5 g. 
of potassium carbonate was used as a receiver. Fifty milliliters of 
phenyl ether (Matheson, distilled at 258-259°, m.p. 25.5-26.5°) was 
placed in the pyrolysis flask, and a solution of crude 5-hydroxy-
pentanal (obtained from 10 g. of dihydropyran) in 50 ml. of phenyl 
ether was placed in the dropping funnel. The flask was heated with a 
heating mantle until the internal temperature rose to 230- 240°, and 
then the solution was added dropwise at such a rate that the addition 
was completed in about one hour. Pyrolysis started within a few 
minutes after the first drops had been added ru1d a heterogeneous 
mixture began to distill. A considerable amount of phenyl ether was 
carried along by the generated water vapors (steam-distilled) so that 
the organic layer (mixture of phenyl ether and dihydropyran) was 
collected in the bottom of the receiving flask. After the addition 
had been completed, the flask was heated above the boiling point of 
the solvent untilthe condensing vapors consisted of only one phase, 
namely that of phenyl ether. The organic layer was separated with a 
separatory funnel ar1d transferred directly into a one-piece distilling 
unit having a 15 em. Vigreux column. A small amount of calcium hydride 
was added and the mixture was allowed to remain at room temperature for 
about 4 hours. Finally, a few grains of lithium aluminum hydride was 
added and after about 20 minutes the flask was heated to 110-120° in 
an oil bath. After a small forerun a major fraction distilled at 84-85° 
into a receiver immersed in an ice bath. The yield of recovered di-
hydropyran, nD25 1.4375, was 7.15 g. or 71.5 per cent. The losses in 
separating the product from the phenyl ether are insignificant. This 
was checked by redissolving the recovered dihydropyran in approximately 
the same volume of phenyl ether as the one from which it had been 
separated and recovering again by distillation. The yield in this 
recovery was approximately 96 per cent. When the same pyrolysis 
was carried out with 5-hydroxypentanal obtained from ozonolysis of 
5-hexen-1-ol, the yield of dihydropyran in two experiments was slightly 
higher than the yields obtained from pyrolysis in absence of any 
solvent (i.e. 46 and 48% respectively). 
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Dehydration experiments at lower temperatures did not give 
satisfactory results. Thus, with 1,2,4-trichlorobenzene as solvent 
(b.p. 213°) and dehydr~tion temperature of about 200° the yield of 
recovered dihydropyran was 55-60% (based on hydrated dihydropyran). 
Similar results were obtained with phenyl ether at the same temper-
ature. 
ll6 
10. 62-Dihydropyran from Periodate-Qsmium Tetroxide Oxidation of 
5-Hexen-1-ol 
Nai04 
A 0 -HOH ) 
The procedure followed in this experiment was essentially that of 
Caserio and Roberts (16) which, in turn, was a modification of the 
method described by Pappo, Allen, Lemieux and Johnson (76). 
A mixture of 300 ml. of ether and 300 ml. of distilled water was 
placed in a 1-liter 3-necked flask \.ffiich was fit ted with a reflux 
condenser and mechanical stirrer and cooled in an ice bath. To the 
stirred cold mixture were added 13.4 g. (0.134 mole) of 5-hexen-1-ol 
and 0.14 g. of osmium tetroxide (Eastman Kodak, "White label"). l'fuile 
stirring and cooling were continued, 60.5 g. (0.28 mole) of sodium 
metaperiodate (Nai04, Baker Analyzed Reagent) was added in small 
portions over a period of 30 minutes. The reaction mixture was then 
allowed to remain overnight at room temperature with stirring. During 
that period the original brown color of the mixture became much lighter 
and a white solid phase appeared. The bulk of the light brown ether 
layer was decanted into an Erlenmeyer flask while the remainder of 
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the mixture was filtered with suction into a 500 ml. round bottomed 
flask. The filtrate was subjected to continuous ether extraction for 
36 hours by using 500 ml. of ether, and the filter cake was triturated 
six times with 30 ml. portions of ether. The combined ether extracts 
were dried over anhydrous magnesium sulfate for about one hour and 
decolorized by means of decolorizing carbon. The ether was then 
removed by distillation under diminished pressure through a one foot 
Vigreux column from a water bath at 20°. The residual yellow oil, 
consisting of crude 5-hydroxypentanal, was pyrolyzed as described 
in the ozonolysis experiment to give ~2-dihydropyran. The yield of 
the latter, b.p. 83-84°, nD25 1.4373, was 5.1 g. or 45 per cent based 
on 5-hexen-1-ol. 
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11. Thiosemicarbazone of 5-HydroxYPentanal Derived from 62-Dihyctro-
pyran-6-cJ..4-o18 
The thiosemicarbazone derivative was prepared by following the 
general procedure of Cheronis and Entrikin (17). 
To 0.2 ml. (0.002 mole) of ~2_dihydropyran-6-c14-ol8 in a 10 ml. 
Erlenmeyer flask was added 1 ml. of distilled water and one drop of 
concentrated hydrochloric acid. The flask was tightly stoppered and 
the mixture shaken until it appeared to be homogeneous. The clear 
solution was allowed to remain at room temperature for about 15 minutes 
and then 0.23 g. (0.0023 mole) of thiosemicarbazide (Eastman Kodak, 
''White Label") was added. 
In a separate flask was dissolved 0.5 g. of sodium acetate in 
5 ml. of hot distilled water and the solution was added to the pre-
viously prepared mixture of 5-hydroxypentanal and thiosemicarbazide. 
The mixture was heated until boiling had just begun and was filtered 
rapidly with suction into a clean Erlenmeyer flask. Crystallization 
started within about 5 minutes. The flask was then allowed to stand 
in the refrigerator for one hour. The product was collected by suction 
filtration, washed with 1- 2 ml. of ice-cold distilled water and dried 
overnight in a vacuum desiccator over phosphorus pentoxide. The yield 
of the crude product, m.p. 123-126°, was 0.34 g. (88%). Two re-
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cr~stallizations from a minimum amount of 50% aqueous ethanol and one 
from methanol-ethyl acetate (1:5) afforded 0.29 g. (75%) of white 
spherical aggregates with a melting point of 128.5-129.5°. This 
melting point did not change after a fourth recrystallization from 
methanol-ethyl acetate. 
Analysis 
Calculated for C6H13osN3: C, 41.10; H, 7.48; N, 23.98 
Found: C, 41.0; H, 7.4; N, 23.8 
The above thiosemicarbazone was stored in a vacuum desiccator 
over phosphorus pentoxide and was analyzed for radioactivity as de-
scribed on page 129. An attempt to analyze this compound for oxygen-18 
(see Appendix, page 230) met with failure due to interference of its 
sulfur with the mass-spectrometric determination. 
B. Rearrangement of ~2-Dihydropyran-6-cl4-ol8 over Hot Alumina 
1. Calibration of the Furnace and Pretreatment of the Alumina 
1~ 
The apparatus employed for the rearrangement of the labeled 
dihydropyran was essentially the same as that used by stouffer (108). 
The somewhat modified assembly is shown in Fig. 2 (page 123). Calibra-
tion of the furnace was accomplished as follows: 
The addition funnel was disconnected and the pyrolysis tube was 
replaced by another straight tube made of Pyrex glass and having 
approximately the same length and diameter (see next page). -The lower 
end of this tube was connected to the receiving system with a small 
piece of rubber tubing, while the other end was left open so that a 
thermometer could be inserted. The thermometer was fastened to a piece 
of thick steel wire which facilitated insertion at various positions 
along the tube. The two independent parts of the furnace (total length 
25 inches) were electrically heated, the voltage being controlled by 
means of two Variacs. After the thermometer was inserted to a de-
sirable position, the open upper end of the tube was protected by a 
plug of glass wool, the Variacs were set at some arbitrary readings, 
and at least two hours were allowed for temperature equilibration. 
At the end of that time, one of the two covers of the furnace was 
opened momentarily and the temperature recorded. At first, temperatures 
were recorded with the bulb of the thermometer in the middle of the 
furnace (i.e. the dividing line between the two pairs) until Variac 
readings corresponding to approximately 100° and 350° were found. Then, 
temperatures were recorded for 4 more positions, equally spaced along 
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the tube. Calibration readings closest to the desirable temperature 
ranges of 100° and 350° are summarized below: 
Variac Settings Temperatures along the tube from low tu upper end(~!-) 
vl at 21; v2 at 21: 
vl at 49; v2 at 48: 
When the furnace was heated overnight with Variac settings at the 
readings given above, the corresponding temperatures near the center 
of the tube did not vary. 
The procedure for the pretreatment of the alumina was exactly 
that of Stouffer (108). Alcoa Activated, Grade F-1, 8-14 mesh 
alumina(~) was used from the same lot which had been employed 
originally by McLeod (63) and then by Stouffer. 
The pyrolysis tube, 3/8 inch in diameter, was filled to a length 
of 23 inches with alumina (ca. 39 g.) which was held in place by a 
glass wool plug resting on a glass grid. The tube was then placed in 
position in the furnace, and its upper end was fitted with a dropping 
funnel which had a pressure equalizing side arm and an inlet for 
nitrogen. The receiving system illustrated in Fig. 2 was temporarily 
( *) 
( ~!-*) 
Temperatures at extreme left and right correspond to positions 
approximately 5 em. from the ends of the furnace. 
The surface area of this alumina, determined by Russel and 
Cochran (89) by the _BET method (14), was ca. 220m2/g. 
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replaced by a 250 ml. 2-necked flask fitted with a Dry Ice-acetone 
condenser, and the furnace was heated to approximately 100° by 
setting both Variacs at readings of 21. A stream of nitrogen, which 
had been deoxygenated and dried by passing successively through an 
alkaline pyrogallol solution (15 g. of pyrogallol in 100 ml. of 5CJ!o 
aqueous NaOH), concentrated sulfuric acid, and Ascarite, was passed 
through the tube at the rate of one bubble per second for 15 minutes 
prior to the addition of dihydropyran. The latter (Du Pont, El 
Chem 880, dried for several days over calcium hydride and distilled 
from it at 85-86°) was added dropwise at the rate of one drop every 
two to three seconds until a total of 125 ml. had been used. Approx-
imately one half hour after the addition had been completed, the 
temperature of the furnace was raised to about 350° by setting the 
Variacs at readings 49 and 48 respectively (cf. calibration readings). 
The furnace was allowed to remain at this temperature overnight with 
a slow stream of nitrogen (one bubble per 14 to 16 seconds) passing 
through the pyrolysis tube. Labeled dihydropyran was passed through 
the thus pretreated alumina as described in the following experiment. 
FIGURE 2 
APP AftATUS FOR REARRANGEMENT OF 62-DIHYDROPYRAN 
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Pyrolysis tube with alumina 
Water condenser 
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Main receiver 
Dry l ee-acetone condenser 
Receiver-trap 
Variacs 
1-' 
~ 
2. ~~-Dihydropyran-6-cl4-ol8 over Hot Alumina )0 
* 0 
+ Q 
51% retention of ol8 
The alumina was pretreated and the furnace was heated at 
approximately 350° as described in the previous experiment. 
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Approximately 14 ml. of tetrahydrofurfuryl alcohol, which had 
been purified as described on page 84, was placed in the addition 
funnel, and the receiver with the dihydropyran from the pretreatment 
of the alumina was replaced by a similar smaller one. The nitrogen 
flow was increased to about one bubble per second and the alcohol 
was added at the rate of one drop per six seconds. The addition of 
the alcohol required 34 minutes. The pyrolysis tube was then swept 
through with nitrogen for two hours the rate of flow being the same 
as during the addition of the alcohol. In order to reduce dilution 
of the labeled dihydropyran to a minimum, the funnel was disconnected, 
rinsed several times with acetone and fast dried in a hot oven. For 
the same reason the receiver, which contained a mixture of dihydropyran 
and water, was removed and the end parts of the pyrolysis tube were 
wiped by means of a pipe cleaner. The apparatus was then reassembled 
by using the special receiver (Fig. 2) in which few grains of 
anhydrous potassium carbonate had been placed. Both the main receiver, 
R1, and the receiver-trap, R2, were immersed in Dewar flasks filled 
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with liquid nitrogen, the condenser c2 was filled with a mixture of 
Dry Ice and acetone, and tap water was allowed to pass through the 
small condenser c1 which served as a vapor pre-cooler. 
Freshly redistilled A2-ctihydropyran-6-c14-o18, 3.6 g. (cf. 
constants on page llO, was placed in the addition funnel and added 
at the rate of one drop every six seconds while the flow of nitrogen 
was maintained at the rate of one bubble per second. Approximately 
ll minutes was required to complete the addition. As soon as the 
labeled material had been added, 1 ml. (0.92 g.) of unlabeled di-
hydropyran (purified as described on page ~22) was transferred to the 
funnel and added at the same rate. When the addition had been com-
pleted, the heating and sweeping with nitrogen was continued for 20 
more minutes. The Dewar flasks were then removed from both receivers. 
The main receiving flask was disconnected from the assembly, stoppered 
and allowed to warm to 0° in an ice bath. The second receiver (trap) 
did not contain any visible liquid. 
Two additional 1 ml. portions of unlabeled dihydropyran were 
added successively to the pyrolysis tube in the same manner as above 
ru1d collected separately in two small flasks. 
The main product consisted of a green organic liquid without any 
visible water layer. This crude material was transferred by means 
of a capillary pipette into a small one- piece distilling unit with 
2-inch Vigreux column while the pot of the unit was cooled in an ice 
bath. A small amount of calcium hydride was added followed, after two 
hours, with a few granules of lithium aluminum hydride. There was some 
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evolution of gas when the latter was added but it subsided within 
few minutes and some flocculent precipitate formed. The flask was 
then heated in an oil bath to 110-120°. After a very small forerun 
(3-4 drops) the product distilled at g3-g4o into a small receiver 
cooled by means of an ice bath. The yield of rearranged dihydropyran, 
nD25 1.4375, was 3.4g g. or 77 per cent based on a total of 4.52 g. 
of starting material (3 . 6 g. of labeled plus 0.92 g. of unlabeled 
dihydropyran). The product was redistilled from few granules of 
lithium aluminum hydride to afford 2.g5 g. of dihydropyran with a 
boiling point of g3-g5o and refractive index nD25 1.4379. 
Analysis 
Calculated for C5HgO: C, 71.39; H, 9.5g 
Found: C, 71.2; H, 9.7 
OxYgen-lg Content 
Two samples were prepared as described on page 215 . Their total 
oxygen-lg concentration (including the normal abundance) was as 
follows: 
Sample 1: 0.439 atom per cent o1g 
Sample 2: 0.415 tt n n n 
The two 1 ml. fractions obtained from sweeping the pyrolysis 
tube were saved until it was found that nearly all the radioactivity 
that emerged was in the above described main fraction. In order to 
have a double check on this, the two 1 ml. washings were converted, 
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without prior purification, to the corresponding thiosemicarbazones 
(cf. method on page 118) and an attempt was made to determine the 
activity of the latter by the procedure described in Section E 
(page 212). The recorded counts were barely higher than those of 
the background even for the first of the two 1 ml. wash portions of 
dihydropyran, which should have been the more active. The weakness 
of the activity of these samples did not allow any accurate determinat-
ion and, therefo~e , no further measurements were attempted. 
3. Thiosemicarbazone of 5-Hydroxypehtanal from Rearranged 
62-Dihydropyran 
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Rearranged 62-dihydropyran, 0.4 ml. (0.004 mole), was hydrolyzed 
to the corresponding 5-hydroxypentanal and the latter was converted 
to its thiosemicarbazone derivative exactly as described on page 118. 
The yield of the crude product, m.p. 122-126°, was 0.65 g. (85%). 
Two recrystallizations from a minimum amount of 50% aqueous ethanol 
and two from methanol-ethyl acetate (1:5) afforded 0.54 g. (70%) 
of white tiny aggregates with a melting point of 128.5-129.5°. The 
constancy of the melting point after the third and fourth recrystal-
lizations suggested that the compound was pure and, therefore, no 
sample was sent for elemental analysis (cf. m.p. on page 119). This 
derivative was stored in a vacuum desiccator over phosphorus pentoxide 
and was analyzed for radioactivity as described on page 135· 
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4. Determination of Isotope Dilution and Oeygen-18 Exchanse 
a. Relative Molar Activity of Thiosemicarbazone from Unrearranged 
~2-Dihydropyran 
The thiosemicarbazone from unrearranged (undiluted) dihydropyran 
(page 118), m.p. 128.5-129 . 5°, was analyzed for radioactivity according 
to the procedure described in Section E (page 212). 
i. Weight of sample: 18.42 mg. 
Solvent: N,N-Dimethylformamide 
Density of solution: 0.958 
Counting interval: five minutes 
Counts: 
1. Sample 2030 4· Sample 2102 
Blank 123 Blank 118 
Standard 34796 Standard 34773 
2. Standard 34885 5. Standard 35045 
Sample 1979 Sample 2077 
Blank 154 Blank 132 
3. Blank 127 Blank 141 
Standard 34639 Standard 34973 
Sample 2073 Sample 2044 
7- Sarilple 2078 
Blimk 128 
Standard 35131 
Relative counts: ( -l}) 
1. ~ - 0.05500 3· 12~6 = 0.05640 34 73 34512 
2. 1822 
- 0.05254 4. ~ = 0.05725 34731 - 34 55 
(*) All calculations were performed on a Friden calculator and were 
carried out beyond the significant decimal places in order to 
avoid rounding off errors. 
1945 
- 0.05570 34913 
1950 
35003 = 0.05569 
6. 1903 
- 0.05463 34832 
Lettering "x" be the relative counts, "n" the number of de-
terminations, tts2n the variance, "m" the average (mean) relative 
count, and ns.D." the standard deviation of the mean, then: 
m = l. x 
n 
Ix?- - (I x)2 
s2 = ---._.;n~­
n-1 
,r-:;2 
S.D. = v--g--
n = 7 l x = 0.38723 l -2- = 0.0214337 
s2 = 0.02143376- 0.0214208 = 0.000002l5 
S.D. = V0.00~00215 = 0.00055 
m = 0.05532 ~ 0.00055 = 0.05532 ~ 1.0% 
(l x)2 
n = 0.0214208 
Relative molar activity = 0•05522 x 0·958 x l75.24 = 0.504 18.42 
ii. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
Counts: 
1. Sample 
Standard 
Blank 
2687 
34826 
167 
23.45 mg. 
N,N-Dimethylformamide 
0.959 
five minutes 
2. Blank 122 
Sample 2628 
Standard 34917 
130 
3. Standard 
Blank 
Sample 
4. Sample 
Standard 
Blank 
34833 
178 
2551 
2547 
34665 
165 
7. Sample 
Standard 
Blank 
5· 
6. 
2550 
34863 
132 
Blank 
Sample 
Standard 
Standard 
Blank 
Sample 
178 
2579 
34575 
35313 
123 
2668 
Relative counts: 
1. ~ - 0.07271 4. 2;282 - 0.06904 34 59 - 34500 -
2. 2206 
-
5. ~01 
- 0.06980 34795 - 0.07202 34397 -
3· 3f~~~ 6. 22~2 = 0.07232 = 0.06847 35190 
' 2418 7-
- 0.06962 34731 -
Average relative count: = 0.07057 0.000655 = 0.0705704 O.CJ!> 
_ 0.07027 X 0.959 X 175.24 _ 6 Relative molar activity: - 23.45 - 0.50 
. . . (. . . ) - 0.504 + 0.206 Average relat1ve molar act1v1ty 1 + 11 - 2 = 0.505 
The remaining thiosemicarbazone was recrystallized from a 
mixture of methanol and ethyl acetate (1:5). The crystals were 
collected by suction filtration, washed twice with 1 ml. portions 
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of ice-cold ethyl acetate and dried overnight in a vacuum desiccator 
over phosphorus pentoxide. The melting point, 128.5-129.5°, was the 
same as before this recrystallization (cf. page 119 ). Radioactivity 
analysis of the product was carried out as described previously. 
iii. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
Counts: 
1. Standard 35095 
Sample 2660 
Blank 155 
2. Blank 121 
Standard 34347 
Sample 2516 
Sample 2578 
Blank 123 
Standard 346.38 
7. 
Relative counts: 
1. 2505 -
.34940 - 0.07169 
2. .3~~~ = 0.07007 
3· ~ = 0.07112 
Standard 
Sample 
Blank 
24.42 mg. 
N, N-Dimethylformamide 
five minutes 
5. 
6. 
.34.398 
2703 
140 
4· 
5 • 
6. 
Standard .34247 
Sample 2670 
Blank 152 
Blank 1.3.3 
Standard .34577 
Sample 2776 
Sample 2719 
Blank 158 
Standard .3453.3 
2518 -
.34095 - 0.07.386 
2643 
.34444 = 0.07674 
2561 
.34375 = 0.07452 
7· 256.3 
.34258 = 0.07482 
Average relative count:= 0.07.326 :! 0.00075 = 0.07.326 :t 1.0% 
R 1 t . 1 t• •t - 0.07.326 X 0.958 X 175•24 e a 1ve mo ar ac lVl y: - 24•42 : 0.50.3 
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i v. Weight of sample: 15.52 mg. 
Solvent: N,N-Dimethylformamide 
Density of solution: 
Counting interval: 
Counts: 
1. Standard 34478 
Blank 132 
Sample 1750 
2. Sample 1758 
Standard 34685 
Blank 127 
Blank 109 
Sample 1729 
Standard 34792 
7· 
Relative counts: 
1. 1618 
34346 = 0.04711 
2. 1631 
34558 = 0.04719 
3· 1620 34683 = 0.04671 
7· 
five minutes 
Standard 
Blank 
Sample 
6. 
34347 
139 
1716 
4. 
5. 
6. 
1577 
34208 = 0.04610 
Standard 35109 
Blank 141 
Sample 1804 
Sample 1739 
Standard 35239 
Blank 121 
Blank 145 
Sample 1731 
Standard 34408 
16~3 349 = 0.04756 
1618 
35118 = 0.04607 
~ 342 3 = 0.04629 
Average relative count: = 0.04672 .:!: 0.00022 = 0.04672 .± 0.5% 
R 1 t . l t" "t - 0.04672 X 0.956 X 175.24 - O 504 e a ~ve mo ar ac ~~ y:- 15 •52 - • 
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Average relative molar activity 
of recrystallized thiosemicarba-
zone (iii + iv) : 
Average relative molar activity 
of thiosemicarbazone from unrear-
ranged ihydropyran-6-cl4-ol8 
(i + ii ~ iii ~ iv) : 
(7~) Standard deviation. 
= 
0.503 + 0.504 = 
2 0.5035 
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0.504 + 0.506 + 0.503 + 0.50& 
4 
0.504 ± 0.13% (*) 
b. Relative Molar Activity of Thiosemicarbazone from Rearranged 
ft2-Dihy<iropyran 
The thiosemicarbazone from rearranged (diluted) dihydropyran 
(page 128), m.p. 128.5-129.50, \vas analyzed for radioactivity by 
following the procedure described in the preceding experiment 
(page 129) • 
i. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
Counts: 
1. Standard 34400 
Sample 1651 
Blank 132 
2. Blank 134 
Standard 34015 
Sample 1610 
3· Sample 1494 
Blank 131 
Standard 34690 
7. 
Relative counts: 
1. ___1212_ 34'2b8 = 0.04433 
2. 3%~~ = 0.04356 
3. ~ 345b9 = 0.03943 
Standard 
Sample 
Blank 
17.83 mg. 
N,N-Dimethylformamide 
0.957 
five minutes 
5. 
6. 
35079 
1710 
134 
5· 
6. 
Standard 35088 
Sample 1540 
Blank 149 
Blank 129 
Standard 34767 
Sample 1648 
Sample 1723 
Blank 150 
Standard 34831 
1391_ 
34939 - 0.03981 
1519 
34638 = 0.04385 
____liTI 34b8I = 0.04536 
135 
136 
7. 1576 -
34945 - 0.04510 
Average relative count: = 0.04306 t 0.00092 = 0.04306 ! 2.0,% 
_ 0.04306 X 0.957 X 175•24 _ O 40 Relative molar activity: - 17.83 - • 5 
ii. Weight of sample: 17.83 mg. (repetition) 
Solvent: N,N-Dimethylformamide 
Density of solution: 0.957 
qounting interval: three minutes 
Counts: 
1. Standard 21159 4. Standard 2ll39 
Blank 94 Blank 75 
Sample 983 Sample 972 
2. Sample 962 5. Sample 1043 
Standard 21043 Standard 21279 
Blank 84 Blank 93 
3. Blank 75 6. Blank 91 
Sample 908 Sample 1013 
Standard 20999 Standard 21083 
7· Standard 20954 
Blank 83 
Sample 1005 
Relative counts: 
1. 889 4. ~ 21065 = 0.04220 4 = 0.04258 
2. 878 
20959 = 0.04189 
5. 2ll~6 = 0. 04484 
3· 833 6. ~ 20924 = 0.03982 20992 = 0.04392 
7· 922 
20871 = 0.04418 
137 
Average relative count: = 0.04278 ± 0.00059 = 0.04278 ± 1.4% 
Relative molar activity: = 0•04278 xl~:~~7 x 175·24 = 0.402 
0.405 + 0.402 
Average relative molar activity (i + ii): = 2 = 0.4035 
The remaining thiosemicarbazone was recrystallized from a 
mixture of methanol and ethyl acetate as described on page 131 • The 
product, m.p. 128.5-129.5°, was analyzed for radioactivity as shown 
previously. 
iii. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
Counts: 
1. sample 1697 
Blank 142 
Standard 34895 
2. Standard 35140 
Sample 1676 
Blank 137 
Blank 128 
Standard 34917 
Sample 1732 
7. Sample 
Blank 
Standard 
18.54 mg. 
N,N-Dimethylformamide 
0.955 
Five minutes 
6. 
1693 
147 
34823 
Sample 
Blank 
Standard 
Standard 
Sample 
Blank 
Blank 
Standard 
Sample 
1658 
151 
35136 
34776 
1710 
143 
154 
34641 
1742 
Relative counts: 
1. 
-122.2. -34753 - 0.04474 4- 1507 34985 = 0.04308 
2. 
_1il2 
35003 = 0.04397 5- 3tt~§ = 0.04521. 
3· 1604 - 6. l588 = 0 04604 34789 - 0.04611 34487 • 
7- 3t~~~ = 0.04458 
Average relative count: = 0.04482 ! 0.000414 = 0.04482 ± 0.9% 
_ 0.04482 X 0.955 X 175.24 
Relative molar activity: - 18.54 = 0.405 
iv. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
Counts: 
1. Sample 1520 
Standard 34955 
Blank 130 
2. Blank 139 
Sample 1574 
Standard 35009 
Standard 34619 
Blank 129 
Sample 1494 
7· Sample 
Standard 
Blank 
16.55 mg. 
N,N-Dim.ethylformamide 
0.954 
Five minutes 
5. 
6. 
1509 
34640 
150 
Sample 
Standard 
Blank 
Blank 
Sample 
Standard 
Standard 
Blank 
Sample 
1474 
34896 
126 
146 
1521 
34637 
34683 
155 
1553 
138 
Relative counts: 
l. 1390 - 4. 1348-
34825 - 0.03991 34770 - 0.03877 
2. 1435 - 0 0411 34870 - • 5 5. l3Z2 -34491 - 0.03986 
3. 1362 -34490 - 0.03958 
6. 1398 
34528 = 0.04049 
7. 1359 
34490 = 0.03940 
Average relative count: = 0.03988 z 0.00029 = 0.03988 ± 0.7% 
R l t . la t• •t -- 0.03988 X 0.954 X 175•24 -- 0.403 e a ~ve mo r ac ~~ y: 16.55 
Average relative molar 
activity of recrystallized 0.405 + 0.403 
thiosemicarbazone (iii + iv): = -2 - = 0.404 
Average relative molar 
activity of thiosemicar-
bazone from rearranged 
A2_dihydropyran 
( i + ii + iii ... i v) : 
( -l~) Standard deviation • . 
= 
0.405 + 0.402 • 0.405 + 0.403 
4 
0. 404 ± 0. ~ ( *) 
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c. Calculation of Isotope Dilution: Exchange of O;ygen-18 for 
OxYgen-16 during the Rearrangement of ~2-Dihydropyran-6-cl4-ol8 
When a compound with an isotopic label is diluted with unlabeled 
material, the concentration of the isotope after dilution can be 
found from the following equation: 
final % of isotope = orig. % of isotope orig. weight final weight (A) 
Equation (A) is applicable only when the isotope to be diluted 
is completely absent in the unlabeled material. However, some 
isotopes are known to occur naturally in more or less fixed con-
centrations. Thus, any source of oxygen contains oxygen-18 in a 
normal abundance of about 0. 204 atom per cent (73). Therefore, in 
calculating the dilution of the oxygen- 18 label in dihydropyran during 
and after its passage over hot alumina (page 125), the natural 
abundance of the heavy isotope should be subtracted from the total 
concentration of this isotope obtained by analysis. The difference, 
representing the useful concentration of the label, is used throughout 
the calculations to be given below. Equation (A) still holds in its 
modified form: 
final excess atom % o18 = orig. excess atom % o18 orig. weight (B) final weight 
The ratio of weights in equation (B) was determined indirectly 
from the radioactivity values of dihydropyran before and after 
dilution as found for the corresponding thiosemicarbazone derivatives 
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(pp. 134, and 139). In dilution of a radioactive compound with its 
inactive counterpart, the activities before and after dilution are 
inversely proportional to the weights before and after the addition 
of the inactive diluent, i.e. 
final activity = 
orig. activity 
orig. ;.reight 
final weight (C) 
Substituting in equation (C) the relative molar activities of 
the thiosemicarbazones from dihydropyran before and after rearrange-
ment, 0.504 and 0.404 respectively, and combining equations (B) and 
(C): 
% 18 0.404 ( . % 18) final excess atom 0 = 0•504 or~g. excess atom 0 (D) 
The value of oxygen-18 substituted in the right hand side of 
equation (D) was the average value of o18 content in 62-ctihydropyran-
-6-cl4-ol8 and its precursor 5-hexen-l-ol-o18• Consideration of the 
values for the alcohol became necessary after the loss of one of the 
dihydropyran samples due to an accident in analysis. In taking the 
average ol8 value, the dilution of 5-hexen-l-ol-ol8 with a very small 
amount of 5-hexen-l-ol-l-Cl4 (after the former had been analyzed for 
ol8) was not taken under consideration as not introducing a significant 
error(~!-). The results of oxygen-18 analyses are summarized 
( -l(-) 5-Hexen-l-ol-o18, 12.9 g., had been mixed with 0.35 g. of 5-hexen-
-l-ol-l-Cl4. Taking this dilution under consideration, the aver-
age value of ol8 of unrearranged dihydropyran is found by calcu-
lation to be 0.740 atom% ol8. The difference from the value given 
in the follmv.i.ng table is within the error of the analysis which is 
±5%. 
142 
below (cf. page 220). 
Atom ~ o18 before Atom ~ o18 after 
Sample rearrangement rearrangement 
(1) 5-hexen-1-ol-0 18 0.702 
(2) n 0.770 
(3) 2-dihydropyran-6-c14-o18 0.439 
(4) 11 0.775 0.415 
Average: 0.749 0.427 
Normal abundance: 0.204 0.204 
Excess atom % o18: 0.545 :t 4%(7~) 0.223 ± 3%( ?(~~) 
Assuming that dihydropyran does not exchange its oxygen for 
that of alumina, the expected concentration of oxygen-18 after the 
rearrangement (dilution) can be calculated from equation (D): 
18 0.404 final excess atom % 0 = 0.504 x 0.545 = 0. 437 
The actually found value of 0.223 excess atom per cent oxygen-18 
represents 0.223/0.437 or 51 per cent retainment of the original label. 
In other words, the reaction or reactions which occur over hot alumina 
cause oxygen to exchange to an extent that removes approximately one 
half of the original heavy oxygen from dihydropyran. 
( ?:-*) 11ean deviations. 
5. Location of Carbon-14 in Rearranged 62-Dihydropyran 
a. Ozonolysis of Rearranged 6 2-Dihydropyran and Isolation of 
4-Hydroxybutanal as its 2,4-Dinitrophe ylhydrazone 
2. HOH/Zn > [.~HO ) + (H&iJ):fn.2HzO 
OH 
1. OJ 
(HO~H2cH2CH2CHO) H2NNHC6ff3 (N02) 2 , HO( CH2) 3CH::NN!!o No2 
N02 
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The procedure followed in this experiment was essentially the 
same as that described on page 107. The ozonolysis apparatus was 
calibrated under a fixed input of oxygen and the rate of ozone 
production was found to be 0.415 millimoles per minute. 
One milliliter of rearranged dihydropyran (0.011 mole) was 
added to 40 ml. of methylene chloride (dried and distilled from 
calcium hydride) into an ozonolysis tube ( cf. page 105). The latter 
was placed on the apparatus and cooled by means of a bath containing 
Dry Ice and acetone. A mixture of ozone and oxygen was then bubbled 
through the solution at the rate determined from the calibration. 
The reaction was completed few seconds after the precalculated time 
of 26.5 minutes, as indicated by the simultaneous appearance of 
iodine in the indicator tube and the characteristic blue color of 
excess ozone in the reaction solution. The reaction mixture was 
swept through with dry nitrogen (cf. pagel08) until the blue color 
had disappeared. The tube was then transferred to the hood, allowed 
to warm to 0°, and 20 ml. of distilled water and 3.5 g. of zinc 
dust were added. The mixture was warmed gently on a steam bath until 
the methylene chloride had evaporated. A condenser was then attached 
to the tube and the mixture was heated on a steam bath for two hours 
~th occasional shaking. The solid material was removed by filtration 
through a sintered glass funnel of medium porosity with gentle suction 
from a water pump. The filtrate was caught directly in a 100 ml. 
round bottomed standard taper flask by utilization of a usual dis-
tillation adapter (straight) having a side arm for application of 
suction. Several small portions of warm distilled water were used 
to completely transfer the zinc residue from the tube to the filter 
funnel. The filter cake was washed a few more times with distilled 
water until the original filtrate and combined washings reached a 
volume of approximately 65-70 ml. The flask was then connected to 
the continuous extraction apparatus and the solution extracted with 
300 ml. of ether for 48 hours. 
The flask containing the ether extract was removed from the 
continuous extraction apparatus and fitted to a one liter Rinco 
rotating evaporator. The ether was removed at room temperature ~ath 
gentle suction from a water pump. The residue, a pale yellow oil, 
was allowed to settle in the bottom of the flask and then transferred 
to a 125 ml. Erlenmeyer flask with a capillary pipette. The original 
flask was rinsed with three 2 ml. portions of distilled water and the 
washings were transferred to the Erlenmeyer flask by using the same 
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pipette. 
A solution of 2,4-dinitrophenylhydrazine was prepared by dis-
solving 1.78 g . (0.0090 mole) of the latter (Eastman Kodak, '~ihite 
Label'; m.p. 197-198° (dec.) ) in a mixture of 10 ml. of water and 
50 ml. of methanol. The mixture was warmed on a steam bath until 
most of the reagent had dissolved and 10 ml. of concentrated hydro-
chloric acid was added. The warm solution was then filtered directly 
into the flask containing the solution of 4-hydroxybutanal through 
a funnel w·ith a small plug of cotton wool. The mixture was warired 
for 5 minutes on the steam bath, filtered through a sintered glass 
funnel of medium porosity with gentle suction from a water pump, 
and allowed to remain overnight at room temperature. The yellow solid 
was collected on a small Buchner funnel b~ suction filtration, 
washed with 10 ml. of ice-cold 50% aqueous ethanol and air-dried on 
the funnel. The crude product, 0.885 g., m.p. ll0.5-ll3°, was 
dissolved in 10 ml. of boiling 50% aqueous methanol and the hot 
solution was filtered from some dark red insoluble material through 
a funnel containing a loose plug of cotton. The filtrate was allowed 
to remain for two hours at room temperature and overnight in the 
refrigerator. The tiny yellow needles were collected by suction 
filtration and air-dried for one hour with continued suction. The 
product, m.p. 113.5-ll5°, was again recrystallized from a minimum 
amount of 50% aqueous methanol, and dried for 24 hours in a vacuum 
desiccator over phosphorus pentoxide. The yield of the 2,4-dinitro-
phenylhydrazone, m.p. ll5.5-116.5°, was 0.650 g. or 22 per cent based 
on the starting dihydropyran. The melting point of this derivative 
did not change after a third recrystallization from the same com-
bination of solvents. The reported melting points are as follows: 
Stouffer (108) 114.2-115°; McLeod (63), 116.5-117°; Wilson (129), 
116-117°. Because of the constancy of the melting point in the last 
two recrystallizations this compound was not sent for elemental 
analysis immediately. Such an analysis was performed after the first 
determination of radioactivity (page 147) when recrystallization 
from a minimum amount of anhydrous methanol afforded an allotropic 
form of this derivative melting at 119.5-120.5° (page 148). 
147 
b. Relative Molar Activity of 2.4-Dinitrophenylhydrazone of 
4- Hydroxybutanal 
The 2,4-dinitrophenylhydrazone which was obtained in the pre-
vious experiment, m.p. 115.5-116.5°, was analyzed for radioactivity 
according to the procedure described in Section E (page 212). 
Calculations were carried out as shown on page 129. 
i. Weight of sample: 47 .98 mg. 
Solvent: N,N-Dimethylformamide 
Density of solution: 
Counting interval: Three minutes 
Counts: 
1. Sample 917 4. Sample 903 
Blank 92 Blank 96 
Standard 21022 Standard 2lll5 
2. Standard 21056 5. Standard 21194 
Sample 927 Sample 880 
Blank 96 Blank 102 
3. Blank 97 6. Blank 90 
Standard 21258 Standard 21218 
Sample 882 Sample 892 
7- Sample 900 
Blank 96 
Standard 21024 
Relative counts: 
1. 825 -20930 - 0.03943 
4. 807 -21031~ - 0.03837 
2. 831 5. 778 
20990 = 0. 03959 21092 = 0.03692 
3· 2~gl = 0. 03710 6. 2~~3 = 0.03793 
148 
~- 8 20933 - 0.03 41 
verage relative count: = 0.03825 ~ 0.00076 = 0.03825 z 2.0% 
Relative molar activity: 
0.03825 X 0.962 X 268.23 
= 47.98 - 0.206 
The remaining 2,4-dinitrophenylhydrazone was recrystallized 
from a minimum amount of anhydrous methanol (Baker, Analyzed Reagent). 
The product separated in the form of yellow shiny plates as compared 
to the tiny peedles obtained when a mixture of methanol and water had 
been used (cf. pa e 1~5 ). The crystals were collected by suction 
filtration and dried overnight in a vacuum desiccator over phosphorus 
pentoxide. The melting point of this new crystalline form was 
ll9.5-120.5°, namely 4° higher than that of the previous form. 
alysis 
Calculated for C10H1Z05N4: C, 44.78; H, 4.51; N, 20.89 
Found: C, 44.7 ; H, 4.4 ; N, 20.7 
The recrystallized product was analyzed for radioactivity as 
described in the beginning of the present experiment. 
ii. Weight of sample: 36.13 mg. 
Solvent: N,N-Dimethylformamide 
Density of solution: 0.959 
Counting interval: Five minutes 
Counts: 
1. Sample 1135 
Standard 34962 
Blank 147 
2. Blank 151 
Sample 1153 
Standard 34825 
3· Standard 35117 
Blank 161 
Sample 1138 
7. 
Relative counts: 
1. 3t~~5 = 0.02838 
2. 3t0z = 0.02890 
3. 3t~g6 = 0.02795 
Sample 
Standard 
Blank 
5. 
6. 
1134 
34925 
162 
4. 
5. 
6. 
Sample 1148 
Standard 34857 
Blank 155 
Blank 157 
Sample 1169 
Standard 35146 
Standard 35152 
Blank 149 
Sample 1125 
...222...- 6 34702 - 0.028 1 
1012 -
34989 - 0.02892 
3~+~3 = 0.02788 
7. 3£~£3 = 0.02796 
Average relative count: - 0.02837 ± 0.00054 = 0.02837 ± 1.9% 
Relative molar activity: 
iii. Weight of sample: 
Solvent: 
Density of solution: 
Counting interval: 
_ 0.02837 X 0.959 X 268.23 _ 
36.13 
52.80 mg. 
0.202 
N,N-Dimethylformam.ide 
0.961 
Five minutes 
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Counts: 
1. Standard 35075 
Sample 1598 
Blank 147 
2. Blank 161 
Standard 34847 
Sample 1654 
3. Sample 1648 
Blank 159 
Standard 34911 
7· 
Relative counts: 
1. 1451 -34928 - 0.04154 
2. 3tt~~ = 0.04304 
3. 1489 -34752 - 0.04284 
7. 
Standard 
Sample 
Blank 
6. 
35162 
1626 
160 
4· 
5. 
6. 
1466 
25002 = 0.04188 
Standard 34737 
Sample 1645 
Blank 142 
Blank 153 
Standard 35045 
Sample 1611 
Sample 1636 
Blank 164 
Standard 34976 
1503 -34595 - 0.04344 
1458 - 0 04179 34892 - • 
1472 
34812 = 0.04228 
Average relative count: = 0.04240 .± 0.000265 = 0.04240 ± 0.5% 
R 1 t · 1 t · •t - 0.04240 X 0.961 X 268.23 : e a ~ve mo ar ac ~v~ y: - 52.80 0.207 
Average relative molar acti-
vity of 2,4-dinitrophenyl-
150 
hydrazone of 4-hydro:xybutanal o 206 + 0 202 + o 207 (i + ii + iii): = • • • = 0.205 Z 0.75%(*) 
The above found activity represents 0.205/0.404 or 50.7% of 
(*) Standard deviation. 
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the activity of the thiosemicarbazone from unrearranged dihydropyran. 
Since all calculations were carried out on a molar scale, this per-
centage gives a measure of the activity of the fragment containing 
the carbon atoms at positions 3,4,5, and 6 of the rearranged di-
hydropyran. 
c. Isolation of Zinc Formate Dihydrate from Ozonolysis of 
Rearranged ~-Dihydropyran 
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The flask containing the aqueous solution which had been ex-
tracted with ether (page 144) was fitted to a Rinco rotating 
evaporator and its content was evaporated to dryness from a water 
bath at 35-40° with suction from a water pump. Ten milliliters of 
distilled water -wa~ added and the mixture was warmed on a steam 
bath until most of the solid had dissolved. The solution was 
separated from a small amount of a white insoluble material by 
filtration through a small funnel containing a loose plug of cotton 
wool. The filtrate was collected in a 125 ml. Erlenmeyer flask with 
standard taper neck adaptable to the Rinco evaporator. The volume 
of the solution was reduced to approximately 3 ml. in the same 
manner as described above. Commercial absolute ethanol was added 
to a total volume of about 100 ml. and the flask was allowed to 
remain in the refrigerator for 2 days. The apparently white pre-
cipitate was collected by suction filtration and air dried on the 
filter for 24 hours with continued suction. The yield of the 
product, which contained some light brown contamination (probably 
organic polymer) was 0.64 g. (61%). Since the purity of this 
material was more important than the yield, subsequent purification 
was rather wasteful. The crude product was redissolved in 25 ml. of 
distilled water and a small amount of decolorizing carbon was added. 
After about one half hour the solution was filtered from the carbon 
through a sintered glass funnel of fine porosity with suction from 
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a water pump. The filtrate was concentrated to approximately 3 ml. 
by using the rotating evaporator and was then diluted with 100 ml. 
of absolute ethanol. After allowing the mixture to remain in the 
refrigerator for 24 hours the precipitated crystalline material 
was collected and dried as described previously. The above 
purification process was repeated once moreto afford 0.165 g. of 
perfectly white zinc formate dihydrate. 
Analysis 
Calculated for C2H606Zn: C, 12.55; H, 3.16; Zn, 34.15 
Found: C, 12.6 ; H, 3.2 ; Zn, 34.1 
The above derivative was air dried with suction for 24 hours 
prior to its analysis for radioactivity, which is described in the 
next experiment. 
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d. Relative Molar Activity of zinc Formate Dihydrate 
The zinc formate dihydrate which was obtained in the previous 
experiment ~as analyzed for radioactivity by following the procedure 
described in Section E (page 212) . Calculations were carried out as 
shown on page 129· 
i. Weight of sample: 14.35 mg. 
Solvent: Formamide containing 5% water 
Density of solution: 1.135 
Counting interval: 
Counts: 
1. Sample 1004 
Blank 146 
Standard 34692 
2. Standard 34831 
Sample 1056 
Blank 161 
Blank 137 
Standard 34595 
Sample 1045 
7. 
Relative counts: 
1. ~ 3454 = 0.02484 
2. 3~t~o = o.02581 
3. 3£Z~8 = o.o2635 
7· 
Five minutes 
Sample 
Blank 
Standard 
894 
5. 
6. 
1045 
151 
34538 
4· 
5· 
6. 
34387 = 0.02510 
Sample 1005 
Blank 142 
Standard 34864 
Standard 34871 
Sample 984 
Blank 143 
Blank 171 
Standard 34846 
Sample 1023 
863 = 0 02485 34722 • 
841 
- 0 02422 34728 - • 
3~~~5 = 0.02457 
Average relative count: - 0.02523 ~ 0.00097 = 0.02523 z 3.8% 
Relative molar activity: 
_ 0.02523 X 1.135 X 191.45 : 
14-35 0.382 
Relative activity per mole of formate ion: 0.382 = 2 = 0.191 
The remaining zinc formate dihydrate was dissolved in 10 ml. 
of warm distilled water. The solution was filtered with suction 
through a sintered glass funnel of fine porosity and the filtrate 
was concentrated to a volume of about one milliliter by means of 
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vacuum distillation (page 152 ). Commercial anhydrous ethanol, 100 ml., 
was added and the mixture was allowed to remain in the refrigerator 
for two days. The white crystalline precipitate was collected by 
suction filtration, washed with several small. portions of ice-cold 
anhydrous ethanol and air-dried on the filter for 24 hours with 
continued suction. The product was analyzed for radioactivity as 
described in the beginning of the present exper~nent. 
ii. Weight of sample: 17.71 mg. 
Solvent: Formamide containing 5% water 
Density of solution: 1.137 
Counting interval: Five minutes 
Counts: 
1. Sample 1253 Standard 35066 
Standard 34965 Blank 151 
Blank 145 Sample 1233 
2. Blank 159 Sample 1248 
Sample 1282 Standard 34852 
Standard 34875 Blank 155 
5- Blank 162 
Sample 1278 
Standard 34875 
Relative counts: 
1. 3~~ = 0.03182 
2. 1123 
34725 = 0.03234 
3. 1082 -34915 - 0.03099 
7· 
Sample 
Standard 
Blank 
1282 
34822 
163 
~19 34 59 = 0.03228 
6. 
4-
5. 
6. 
Standard 
Blank 
Sample 
35058 
150 
1228 
3t~$~ = 0.03150 
. 3&~ = 0.03215 
1078 -34908 - 0.03088 
Average relative count: = 0.03171 ± 0.000723 = 0.03171 ± 2.3% 
Relative molar activity: = 
0.03171 X 1.137 X 191.45 : 0.390 17.71 
Relative activity per mole of formate ion: · 0 ·~90 = 0.195 
iii. Weight of sample: 20.49 mg. 
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Solvent: For.marnide containing 5% water 
Density of solution: 1.138 
Counting interval: Five minutes 
Counts: 
1. Standard 34826 Sample 1373 
Sample 1336 Blank 157 
Blank 154 Standard 34732 
2. Blank 162 Standard 34871 
Standard 34661 Sample 1370 
Sample 1405 Blank 168 
157 
5. Blank 171 6. Sample 1417 
Standard 34799 Blank 169 
Sample 1396 Standard 34684 
7· Standard 34888 
Sample 1359 
Blank 149 
Relative counts: 
1. 1182-
34672 - 0.03409 4. 3tfo~ = 0.03464 
2. 3~ = 0.03603 5. ~ 34 28 = 0.03537 
3. 3~~ = 0.03517 6. 1248 - 6 6 34515 - 0•03 1 
7. 1210-
34739 - 0.03483 
Average relative count: = 0.03518 t 0.000886 = 0.03518 ~ 2.5% 
_ 0.03518 X 1.138 X 191.45 -
Relative molar activity: - 20•49 - 0.374 
0.374 
Relative activity per mole of formate ion: = 2 = 0.187 
Average relative activity 
Per mole of formate ion 0 191 + 0 195 L 0 187 
-- • • 
7 
• = 0.191 ~ 1.7%(*) ( i + ii + iii) : 3 
The above found activity represents 0.191/0.404 or 47.3 per 
cent of the activity of the thiosemicarbazone from rearranged di-
hydropyran~ Since all calculations were carried out on a molar 
scale, this percentage gives a measure of the activity of the ozone-
lysis fragment containing the carbon atom at position 2 of the 
rearranged dihydropyran. 
(*) Standard deviation. 
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C. 62-DihydroEyran Elus Tritiated Water over Hot Alumina: The 
Labeled Positions 
1. Tritiation of ~Dihydropyran over Hot Alumina 
0 
The apparatus employed in the following experiment was essen-
tially the same as that used for the rearrangement of 2-dihydro-
pyran-6-c14-o18 (Fig. 2, page 123) save one modification introduced 
in the addition system. In the present case, the latter consisted of 
two dropping funnels which were connected to the pyrolysis tube by 
means of a U-shaped adapter with provision for circulation of nitrogen 
as shown in Fig. 3, page 161. 
The pyrolysis tube was filled with alumina (ca. 38 g., Alcoa 
Activated, Grade F-1, 8-14 mesh) and the latter was pretveated with 
125 ml. of unlabeled dihydropyran at 100° exactly as described on 
page 120. The furnace was then heated to about 350° (cf. calibration 
on page 120 and allowed to remain at that temperature overnight with 
nitrogen passing through at the rate of one bubble every fifteen to 
sixteen seconds. 
Water-H3, 0.535 g. which had been obtained from New England 
Nuclear Corporation and had a specific activity of 100 millicuries 
per gram, was diluted with distilled water to a total weight of 10 g. 
in a 10 ml. tared volumetric flask. A 6.5 ml. portion of the diluted 
159 
water-H3 was transferred into the funnel F1 by means of a mechanically 
operated pipette and added to the pyrolysis tube at the rate of one 
drop every 6 seconds while the flow of nitrogen was maintained at 
the rate of one bubble per second. The outcoming water was collected 
in a 20 ml. pear-shaped flask Fig. 2, page 123 which was cooled by 
means of a Dry Ice-acetone bath. Twenty minutes was required for 
completion of the addition. Approximately 15 minutes after all the 
water had been added, the receiving flask was replaced by another 
identical flask in which few grains of potassium carbonate had been 
added. Both the main receiver and the trap were irrn:nersed in Dewar 
flasks containing ~ ice and acetone and a mixture of water-H3, 
and unlabeled dihydropyran was added to the pyrolysis tube as de-
scribed below. 
The remaining water-H3, ca . 3.5 g. (0.19 mole) was transferred 
to the dropping funnel F1 while in funnel F2 was placed 10 g. 
(0.119 mole) of unlabeled dihydropyran, which had been purified as 
described on page 122. Both liquids were added to the pyrolysis 
tube simultaneously at a dihydropyran to water drop ratio of 3 to 1, 
and rate of one "mixed" drop every 6 seconds. The term ''nlixed" 
refers to the drop falling in the pyrolysis tube from the inlet tube 
of the adapter bearing the two dropping funnels. The flow of nitrogen 
was maintained at the rate of one bubble per second throughout the 
addition which lasted approximately 35 minutes. Heating and sweeping 
with nitrogen was continued for 20 minutes after the completion of 
the addition. The receiving flask was then disconnected from the 
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assembly, stoppered and allowed to warm to 0° in an ice bath. The 
trap did not contain any visible liquid. Two distinct layers appeared 
eventually (after melting) in the receiving flask. The lower aqueous 
layer was removed in small portions by means of a capillary pipette 
and combined with the water-H3 used to pretreat the column. This 
water was saved and later was purified and used in another experiment 
(page 208 ). The light green organic layer was shaken with 5 ml. 
of ice-cold distilled water, which was then removed from the flask 
in the manner described above. The washing was repeated by using 
another 5 ml. of distilled water and, finally, the crude product 
was transferred into the pot of a small one-piece distilling unit 
having a two inch Vigreu.x column and allowed to dry for 8 hours 
over calcium hydride. Throughout that period the pot of the unit 
was immersed in an ice bath. Prior to distillation, a small amount 
of lithium aluminum hydride was added in very small portions (few 
granules at a time) over a period of one hour until there was no 
visible evolution of gas. The distilling flask was then slowly 
heated by means of an oil bath to 110-115°. After a small forerun 
the product distilled at 84-86°. The yield of ~-dihydropyran, 
nD25 1.4379, was 7.5 g. or 75 per cent. Redistillation from a small 
amount of lithium aluminum hydride afforded 6.7 g. of product which 
had a refractive index nn25 1.4381. A sample of this material was 
analyzed for tritium activity as described in the following experiment. 
FIGURE 3 
SYSTEM FOR SIMULTANEOUS ADDITION OF TWO LIQUIDS 
N2 
by-pass 
To furnace 
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The dihydropyran which was obtained in the previous experiment 
was analyzed for tritium activity by the procedure described in 
Section G (page 22Z. The specific activity in millicuries per 
milliliter (abbrev. mc/ml.) was calculated by using the equation 
given on page 225· Data and calculations from a duplicate determinat-
ion are as follows: 
Sample No 1 
Dilution of sample (at 25°): 0.0100 ml. of sample in 18 ml. 
methanol. 
Aliquot of dilution counted: 0.100 ml. 
Actual volume of sample counted: (0.01 x 0.1)/18 = 0.001/18 ml. 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.82 per cent 
Counts collected in 3 minutes: 21675 
Background: 45 counts/min. 
Average net count/minute: (21675/3)-45 = 7180 
~ 1 18 Specific activity: = o:5732 x 2•22 x 109 x O.OOl = 0.745 mc/ml. 
Sample No 2 
Dilution of sample (at 25°): 0.0250 ml. sample in 50 ml. methanol 
Aliquot of dilution counted: 0.100 ml. 
Actual volume of sample counted: (0.025 x 0.1)/50 = 0.0025/50 ml. 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.70 per cent 
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Counts collected in 3 minutes: 18848 
Background: 60 counts/ min. 
Average net count/minute: 6223 
Specific activity: 6223 x 1 x __ 5_o ___ 
0.077 2.22 X 109 0.0025 - 0.730 mc/ml. 
Average specific activity (1 ~ 2): - 0.745 + 0.730 : 
2 
O. 737 mc/znl. 
The remaining 62-dihydropyran-H3, 6.35 g., was diluted with 
unlabeled dihydropyran (purified as described on page 122) to a total 
weight of 41.06 grams. The mixture was transferred to a separatory 
funnel and washed with three 10 ml. portions of ice-cold distilled 
water. The washed material was then transferred into the pot of a 
one-piece distilling unit having a 10 em. Vigreux column and allowed 
to dry overnight over calcium hydride. Throughout that period, the 
pot of the unit was immersed in a container (steam bath type) filled 
with continuously renewed tap water. Prior to distillation, a small 
amount of lithium aluminum hydride was added in very small portions 
(few granules at a t "ime) over a period of one half hour until there 
was no visible evolution of gas. The product was then distilled from 
an oil bath at ll0-115°. After a small forerun the main fraction, 
34 g., was collected at a boiling point of 85-86° and had a refractive 
index nD25 1.4380 and density d25 0.921. 
The density of dihydropyran, needed for the conversion of specific 
to molar activity, was determined by weighing 10 ml. of the above 
obtained product at 25°. The volumetric flask, with an original 
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dihydropyran content of about 9.5 ml., had been immersed in a bath-
thermostat for 15 minutes before it was filled to the mark and 
weighed. 
A sample of the diluted dihydropyran was analyzed for radio-
activity as described in the beginning of the present experiment. 
Data and calculations from a single determination are given below. 
A second determination was not necessary since the determined specific 
activity was found to be of practically the same magnitude as that 
calculated on the basis of the dilution of the starting material with 
a known amount of unlabeled dihydropyran. 
Dilution of sample (at 25°): 0.0250 ml. sample in 10 ml. methanol 
Aliquot of dilution counted: 0.0500 ml. 
Actual volume of sample counted: (0.025 X 0.050)/10 : 1.25 X 10-4 ml. 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.33 per cent 
Counts collected in 3 minutes: 7219 
Background: 57 counts/min. 
Average net count/ minute: (7219/3)-57 = 2349 
S .f. t• •t - 2349 1 1 - 0 ll6 /ml pee~ ~c ac ~v~ y: - 0.0733 x 2.22 x 109 x 1.25 x 10-4 - • me • 
The specific activity was also calculated from the dilution of the 
original dihydropyran (sp. activ. 0.737 mc/ml.) with unlabeled 
material by using the equation: 
final activity = 
orig. activity 
orig. weight 
final weight (cf. page 140) 
Therefore, final activity= 6 •354~_g6?3? = 0.114 mc/ml. 
Average specific activity: = 0•116 + 0·114 = 0.115 .! 0.8% 
2 
Molar activity: - (spec. activ.)(mol. weight) = 0.115 x 84.11 = density 0.921 
= 10.6 me/mole. 
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The above determined molar activity of 6 2-ctihydropyran-H3 was 
used as a reference in the determination of molar activities of 
products obtained in the experiments to follow. 
3. 3-Bromo- [:)2dihydropyran-H3 
0 Br2 ether l ro::J 0 
The procedure followed in this preparation was based on that 
of Paul (80) •. Both steps of the above illustrated reaction were 
carried out in the same apparatus, which consisted of a one-piece 
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distilling unit with a 50 ml. pot. A side neck of the distilling pot 
(normally used for introduction of gas bubble~ ) was fitted with a 
dropping funnel with a pressure equalizer. The pot of the unit was 
immersed in an ice-salt bath and the outlet to the atmosphere (next 
to the receiving flask) was protected with a calcium chloride tube. 
Five grams (0.06 mole) of ~ihydropyran-H3, which had an 
activity of 10.6 millicuries per mole (cf. previous experiment), 
was· placed in the flask of the above described assembly along with 
7 ml. of ether which had been dried for several days over sodium. 
The solution was allowed to cool for 15 minutes and then 9.6 g. 
(0.06 mole ) of bromine (Baker, Purified Reagent) was placed in the 
dropping funnel and added dropwise over a period of 20 minutes with 
occasional gentle shaking of the assembly. vfuen the last few drops 
had been added the characteristic brown color of the bromine seemed 
to persist thus indicating completion of the reaction. The cooling 
bath was then removed and 10 g. (0.067 mole) of , N-diethyl at'li .line 
(Eastman Kodak, "White Label") was added. The addition of the latter 
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did not cause any notable evolution of heat. The reaction mixture 
was allowed to remain at roam temperature for about 30 mh1utes and 
then the ether was removed by distillation from a water bath at 
50-60°. Near the end of the distillation the residue solidified 
abruptly into a greenish mass. The temperature of the bath was then 
raised gently to 80-90° and the product distilled under reduced 
pressure at a boiling point of 60-63° (23 mm.) into a 20 ml. pear-
shaped flask which was immersed in an ice bath. Few grains of 
Drierite were added and the faintly yellow distillate was placed in 
a vacuum desiccator and allowed to remain in the refrigerator over-
night . 
The crude product was transferred into a small distilling unit 
by means of a capillary pipette and distilled under reduced pressure 
with nitrogen bubbling through a capillary to ease boiling. The 
following four fractions were collected by using an udder fraction 
cutter: 
Fraction 
forerun 
1 
2 
3 
B.P. ~Pressure~ 
-55° (20 mm.) 
55-56° (20 mm.) 
56-58° (21 mm.) 
58-60° .(22 mm.) 
Refr.Index~no25l Weight(gr .l 
1.5025 0.5 
1.5061 2.56 
1.5061 3-43 
1.5062 1.04 
The combined weight of fractions 1,2 and 3 was 7.03 grams, which 
corresponds to a yield of 72.5 per cent. 
The last three fractions of the above table were transferred 
into a small distilling unit and distilled again under reduced 
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pressure exactly as described previously. After a forerun of two 
or three drops three fractions were collected at a constant boiling 
point of 56-57° (20 mm.). The combined yield of these fractions, 
all of which had the same refractive index nn25 1.5060, was 6.2 g. 
' 
(64%). Paul (80) reports b.p. 62-63° (22 mm.), nn16 1.5119, density 
di~ 1.5400. The density of the middle fraction at 25°, determined 
by weighing 2.5 ml. exactly as in the case of A2-dihydropyran-H3 
(page 163), was 1.528 (average of three determinations ). Analytical 
samples were prepared immediately after distillation by sealing few 
drops from the middle fraction in each of two pyrex tubes under 
vacuum. The remaining 3-bromo- A2-ctihydropyran was also sealed in 
a tube under vacuum (the product decomposes on prolonged exposure 
to the atmosphere). 
Analysis: 
Calculated for c5H7oBr: C, 36.84; H, 4.32; Br, 49.03 
Found: C, 37.0 ; H, 4.3 ; Br, 48.9 
Radioactivity analysis of this compound is described in the 
next experiment . 
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4. Holar Activity of 3-Bromo- 6 2-dihydropyran-H3 
A sample of 3-bromo- 6 2-dihydropyran-H3, which had been purified 
and enclosed in a sealed tube under vacuum as described in the 
previous experiment, was analyzed for tritium activity as shown in 
Section G (page 222). Data and calculations from a duplicate 
determination are as follows: 
Sample No 1 
Dilution of sample (at 25°): 
Aliquot of dilution counted: 
Actual volume of sample counted: 
Solvent used in counting: 
Efficiency: 
Counts collected in 3 minutes: 
Background: 
Average net count/minute: 
0.0250 ml. sample to 10 ml. with 
methanol 
0.0500 ml. 
(0.025 X 0.050)/10 : 1.25 X 10-4 ml. 
toluene containing 12% methanol 
7.30 per cent 
2979 
57 counts/min. 
(2979/3)-57 = 941 
Specific activity: - 9U 1 1 - 0.0465 mc/ml. 0.073 X 2.22 X 109 X 1.25 X 10-4 
Sample No 2 
This determination was done with the same aliquots of sample 
and under the same conditions · as above. The net count per minute 
was 880, which corresponds to a specific activity of 0.0435 mc/ml. 
The relatively low value of the latter, as compared to that found 
for CSil11nple No 1, was attributed to the fact that the second 
determination was carried out one and half hour after the relatively 
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unstable compound had been exposed to the atmosphere . For this 
reason the result from the second determination was discarded. 
The remaining 3-bromo- ,A2-ctihydropyran-H3, 5.8 g. which had 
been kept in a sealed tube under vacuum, was transferred into a 
small one-piece distilling m1it and distilled from a steam bath 
under reduced pressure. The udder fraction cutter was fitted with 
. two small flasks and two sample tubes especially prepared to be 
sealed off. All fractions were collected at a constant boiling 
point of 62-63° under a pressure of 22 mm. Few drops were collected 
half way through the distillation in each of the two sample tubes 
while the bulk of the distillate was equally distributed between the 
two flasks. At the end of the distillation there was practically no 
residue in the distilling flask. All fractions were cooled by means 
of a Dry I ce-acetone bath and the sample tubes were sealed off under 
a vacuum of 0.1 mm. The fractions collected in the two flasks had 
the same refractive index, nn25 1.5060. The above prepared samples 
were analyzed f or radioactivity as described in the beginning of 
the present experiment (numbered 3 and 4). 
Sample No 3 
Dilution of sample (at 25°): 
Aliquot of dilution counted: 
Actual volume of sample counted: 
Solvent used in counting: 
Efficiency: 
0.0500 ml. sample to 10 ml. with 
methanol 
0.0500 ml. 
(0.05 X 0.05)/10 : 2.5 X 10-4 ml. 
toluene containing 12% methanol 
7.30 :;>er cent 
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Counts collected in 3 minutes: 5694 
Background: 52 counts/min. 
Average net count/ minute 
1846 1 1 - l Specific activity: = 0•073 x 2•22 x Io9 x 2•5 x 104 - 0.0455 mc, ml. 
Sample No 4 
Dilution and other conditions were the same as in sample 3 
Counts collected in 3 minutes: 5715 
Background: 52 counts/min. 
Average net count/minute: 
S . f. t. . t 1853 X 1 X 1 _ / peel 1c ac lVl y: = 0•073 2•22 x 109 2•5 x 10_4 - 0.0458 me ml. 
Average specific activity: 
( 1 ... 3 + 4): 0.0465 + 0.0455 ~ 0.0458 -3 
- 0.0459 mc/ml. ± 0.6% (*) 
u 1 t· ·t _(spec. activ.)(l.f.W.) _ 0.0459 x 163 = 4 90 ;, 1 ~o ar ac lVl y: - density - 1•528 • mc,mo e 
The above found molar activity of 3-bromo- 62-dihydropyran-H3 
represents 4.90/10.6 or 46 per cent of the activity of the starting 
6.2-ctihydropyran. This percentage gives a measure of the tritium 
activity anywhere in the dihydropyran molecule except position 3. The 
activity of the latter position, calculated by difference, is 54 per 
cent of the total. 
( -l:-) Standard deviation. 
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5. Thiosemicarbazone of 5-HydroxYPentanal from 82-Dihydropyran-H3 
The procedure followed in the preparation of this derivative 
was essentially the same as that described on page 118 . The only 
difference in the present case was that the reaction was carried 
out as fast as possible without application of heat. 
Tritiated dihydropyran, 0.40 ml. (0.0044 mole) which had an 
activity of 10.6 millicurie per mole, was placed in a 25 ml. 
Erlenmeyer flask containing 2 ml. of distilled water and two drops 
of concentrated hydrochloric acid. The mixture was shaken vigorously 
f or a few minutes until it appeared to be homogeneous, and 0.46 g. 
(0.0046 mole) of thiosernicarbazide was added followed immediately by 
10 ml. of 10% aqueous sodium acetate. The flask, after swirling for 
few minutes to dissolve the thiosemicarbazide, was allowed to remain 
at room temperature. Crystallization started within about 15 minutes. 
The flask was then transferred in the refrigerator and allowed to 
stand for one hour. The product was collected on a small Buchner 
funnel by suction filtration, washed with five 2 ml. portions of 
ice-cold distilled water and dried overnight in a vacuum desiccator 
over phosphorus pentoxide. Four recrystallizations from a minimum 
amount of 50% aqueous ethanol and one from methanol-ethyl acetate 
(1:5) afforded 0.515 g. (67%) of white tiny aggregates with a melting 
point of 128.5-129.5°. 
Analysis 
Found: C, 41.2 ; H, 7.4 
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6. Molar Activity of Thiosemicarbazone from ~2-Dihydropyran-H3 
The thiosemicarbazone obtained in the previous experiment was 
dried overnight in a vacuum desiccator over phosphorus pentoxide and 
analyzed for tritium activity by the procedure described in Section 
G (page 222). Data and calculations from a duplicate determination 
are as follows: 
Sample #,1 
Weight of sample and dilution: 43.49 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.04349 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per inute: (a) 1487; (b) 1509; (c) 1463 
Background: 52 counts per minute 
Average net count/minute: (4459/3)-52 = 1434 
Spec. activity: 1434 x 1 x 10 - 0 0412 me/ gram 0.0721 2.22 X 109 0.04349 X 0.05 - • 
Sample #,2 
Weight of sample and dilution: 48.14 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.04814 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute: (a) 1601; (b) 1622; (c) 1645 
Background: 50 counts per minute 
Average net count per minute: (4868/3)-50 = 1573 
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Spec. activity: l57J 
0.0721 
X 1 X 
2.22 X 109 
10 = 0.0408 me/gram 0.04814 X 0.05 
Average specific activity: (0.0412 + 0.0408)/2 = 0.041 me/gram . 
The remaining thiosemicarbazone was recrystallized from a 
minimum amount of 50% aqueous ethanol. The product, m.p. 128.5-
129.5°, was dried overnight in a vacuum desiccator over phosphorus 
pentoxide and analyzed for radioactivity as described previously. 
Data and calculations from a duplicate determination are as follows: 
Sample #3 
Weight of sample and dilution: 47.26 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.04726 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.14 per cent 
Counts per minute: (a) 1597; (b) 1587; (c) 1559 
Background: 50 counts per minute 
Average net count/minute: (4743/3)-50 = 1531 
S t . •t 15Jl )( 1 X 10 I pee. ac ~~ y: 0.0714 2.22 x 109 0.04726 x 0.05 = 0.0409 me gram 
Sample #4 
Weight of sample and dilution: 42.04 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml . 
Actual weight of sample counted: (0.04204 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
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Efficiency: 7.19 per cent 
Counts per minute: (a) 1415; (b) - 1~72; (c) 1431 
Background: 47 counts per minute 
Average net count per minute: (4218/3)-47 = 1359 
S t . •t 1359 X 1 X 10 - 0 0405 I pee. ac ~v~ y: 0.0719 2.22 x 109 0.04204 x 0.05 - • me gram 
Average specific activity 
of recrystallized thiose-
micarbazone (3 + 4): 
Average spec. activity of thio-
(0.0409 ~ 0.0405)/2 = 
= 0.0407 me/gram 
semicarbazone before and after 0.0412 + 0.0408 + 0.0409 + 0.0405 _ 
recrystallization (1 + 2 + 3 + 4): 4 -
Molar activity of thiosemi-
carbazone from 82-dihydro-
pyran-H3: 
= 0.0408 ± 0.35% (*) me/mole 
0.0408 x 175·24 = 7.16 me/mole 
The above found molar activity of the thiosemicarbazone derived 
from 62-dihydropyran-H3 represents 7.16/10.6 or 67.5 per cent of the 
molar activity of the starting material. 
( -1~) Standard deviation. 
7. Ozonolysis of h 2-Dihydropyran-H3 and Isolation of 4-HydroxY-
butanal as its Thiosemicarbazone 
The ozonolysis apparatus was calibrated as described on page 
105 and the rate of ozone production was found to be 0.42 milli-
moles per minute. The procedure followed in the ozonolysis of 
~-dihydropyran-H3 was similar to that given on page 14, . 
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Tritiated dihydropyran, 3.15 g. (0.0375 mole) which had an 
activity of 10.6 millicuries per mole, was dissolved in 50 ml. of 
methylene chloride (dried and distilled from calcium hydride) into 
an ozonolysis tube. The latter was placed on the apparatus and 
cooled by means of a Dry Ice acetone bath. A mixture of ozone and 
oxygen was then bubbled through the solution at the rate determined 
from the calibration. The time calculated for completion of the 
reaction was one hour and twenty nine minutes. The brown color of 
the liberated iodine appeared in the indicator tube at the end of 
one hour and 25 minutes and the blue color, indicative of excess 
ozone, appeared three minutes later. The solution was swept through 
with dry nitrogen until the blue color had disappeared. The tube 
was disconnected from the assembly, transferred to the hood and 
allowed to warm to 0° in an ice bath. The solution was then trans-
ferred into a 125 ml. Erlenmeyer flask containing 15 g. of zinc 
dust and 30 ml. of distilled water. The tube was rinsed with 20 ml. 
of methylene chloride and the washings were transferred t o the same 
flask. The latter was heated gently on a steam bath until the 
methylene chloride had evaporated. A condenser was then attached 
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to the flask and the mixture was heated for two additional hours with 
occasional shaking. The reaction mixture was allowed to remain at 
room temperature overnight and was then filtered through a sintered 
glass funnel of medium porosity with gentle suction from a water 
pump. The filtrate was caught directly in a 100 ml. round bottomed 
standard taper flask by utilization of a special adapter having a 
side arm for application of suction. The zinc residue was completely 
transferred to the filter funnel by using 30 ml. of distilled water. 
The flask with the combined filtrates was then connected to the 
continuous extraction apparatus and the solution extracted with 
350 ml. of ether for 48 hours. 
The ether was removed from the extract by distillation from a 
water bath at 20° with gentle suction from a water pump. The residue, 
a colorless oil, was transferred into a 50 ml. Erlenmeyer flask by 
means of a capillary pipette and 15 ml. of distilled water used in 
small portions. Thiosemicarbazide, 2.3 g. (0.025 mole, Eastman 
Kodak, ''White Label"), was added and the mixture was warmed for 5 
minutes on a steam bath until all the solid had dissolved. The 
solution was filtered while still warm, allowed to cool at room 
temperature for 30 minutes and transferred to the refrigerator where 
it was allowed to remain overnight. The precipitated white solid 
was collected by suction filtration, washed with 2 ml. of ice cold 
distilled water and dried for few hours in a vacuum desiccator over 
phosphorus pentoxide. The yield of the crude product, which had a 
melting point of lll-ll4°, was 2.8 g. (46% on dihydropyran and 
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69.3% on thiosernicarbazide). After two recrystallizations from a 
minimum amount of 50% aqueous ethanol white spherical aggregates 
were obtained with a melting point of 113.5-115.5°. Three more 
recrystallizations from a minimum amount of 50% aqueous methanol 
afforded 1.8 g. (30% on dihydropyran or 44.6% on thiosemicarbazide) 
of colorless needles Nith a. constant melting point of 115.5-117°. 
Another recrystallization from methanol-ethyl acetate (1:5) gave 
glistering white flakes with the same melting point as above. 
Analysis 
Calculated for c5H110N3S: C, 37.25; H, 6.88; N, 26.06; S, 19.88 
Found: C, 37.1 ; H, 6.9 ; N, 25.9 ; S, 19.9 
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8. Molar Activity of Thiosemicarbazone of 4-Hydroxybutanal 
The thiosemicarbazone obtained in the previous experiment was 
stored overnight in a vacuum desiccator over phosphorus pentoxide 
and analyzed for tritium activity b~ the procedure described in 
Section G (page 222 ). Data and calculations from a duplicate 
determination are as follows: 
Sample #1 
Weight of sample and dilution: 55.87 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.05587 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute: (a) 2184; (b) 2186; (c) 2235 
Background: 52 counts per minute 
Average net count per minute: (6605/3)-52 = 2150 
Specific activity: 2l50 x 1 x 10 = 0.0481 me/gram 
0.0721 2.22 X 109 0.05587 X 0.05 
Sample #2 
Weight of sample and dilution: 58.47 mg. in methanol to 10 ml. 
Aliquot of sample counted: 0.0500 ml. 
Actual weight of sampl~ counted: (0.05847 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute: (a) 2240; (b) 2289; (c) 2291 
Background: 50 counts per minute 
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Average net count per minute: (6820/3)-50 = 2223 
s t• •t 2223 1 X 10 - I pee. ac ~Vl y: x u 0_05847 x 0.05 - 0.0475 me gram 0.0721 2.22 X 107 
Average spec. activity: (0.0481 + 0.0475)/2 = 0.0478 me/gram. 
The remaining thiosemicarbazone was recrystallized from a 
minimum amount of 50% aqueous methanol. The product, m.p. 115.5-
117°, was dried overnight in a vacuum desiccator over phosphorus 
pentoxide and analyzed for radioactivity as described previously. 
Data and calculations from a duplicate determination are as follows: 
Sample No 3 
Weight of sample and dilution: 56.55 mg. in methanol to 10 ml. 
Aliquot of sample counted: 0.0500 ml. 
Actual weight of sample counted: (0.05655 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.14 per cent 
Counts per minute: (a) 2261; (b) 2216; (c) 2168 
Background: 50 counts per minute 
Average net count per minute: (6645/3)-50 = 2165 
2165 1 10 -
Spec. activity: 0.0714 x2.22 x 109 x 0.05655 x 0.05-0.0483 me/gram 
Sample No 4 
Weight of sample and dilution: 42.01 mg. in methanol to 10 ml. 
Aliquot of sample counted: 0.0500 ml. 
Actual weight of sample counted: (0.042 x 0.05)/10 gram 
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Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.19 per cent 
Counts per minute: (a) 1676; (b) 1616; (c) 1674 
Background: 47 counts per minute 
Average net' count per minute: (4218/3)-47 = 1359 
S t . . t 13 59 1 10 pee. ac ~v~ y: 0.0719 x 2.22 x 109 x 0.042 x 0.05 = 0.0480 me/gram 
Average specific activity 
of recrystallized thiose-
micarbazone (3 + 4): 
Average spec. activity of thio-
semicarbazone before and after 
recrystallization (1+ 2 ~3+ 4): 
Molar activity of thiosemi-
carbazone of 4-hydroxybutanal : 
(0.0483 + 0.0480)/2 = 0.0481 me/gram 
0.0481 + 0.0475 + 0.0483 + 0.0480 = 
4 
= 0.048 z 0.25%(*) me/gram 
0.048 x 161.2 = 7.73 me/mole 
The above f ound molar activity of the thiosemicarbazone of 
4-hydroxybutanal derived from A2-dihydropyran-H3 represents 7-73/10.6 
or 73 per cent of the molar activity of the starting material. 
(*) Standard deviation. 
9. Isolation of Zinc Formate Dihydrate from Ozonolysis of 
~2-Dihydropyran-H3 
1S2 
The aqueous solution which had been extracted with ether con-
tained some flocculent white material, assumed to be zinc oxide. The 
flask was fitted to a one liter Rinco rotating evaporator and the 
volume of its content was reduced to approximately 20 ml. by using 
a water bath at 35° and applying suction from a water pump. The 
concentrated solution was filtered through a sintered glass funnel 
of fine porosity into a 125 ml. Erlenmeyer flask with standard 
taper neck adaptable to the evaporator. The water was then evaporated 
under the same conditions as described above. The White cr,ystalline 
residue was dried as much as possible with continued suction and, 
finally, the flask was disconnected from the evaporator and 20 ml. 
of ice-cold commercial anhydrous ethanol was added. The product 
was collected on a BUchner funnel by suction filtration, washed with 
5 ml. of ice-cold anhydrous ethanol, and dried at room temperature 
with continued suction under an atmosphere of dry nitrogen flowing 
at a slow rate over the Buchner funnel through an inverted larger 
funnel. The yield of the zinc formate dihydrate was 3.3 g. (92%). 
Analysis 
Calculated for C2H606Zn: C, 12.55; H, 3.16 
Found: C, 12.7 ; H, 3.2 
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10. Activity of Zinc Formate Dihydrate 
The zinc formate dihydrate which was obtained in the previous 
experiment was analyzed for tritium activity by the procedure des-
cribed in Section G (page 222 ). Data and calculations from a dupli-
cate determination are as follows: 
Sample No 1 
Weight of sample and dilution: 113.1 mg. in water to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.1131 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute : (a) 216; (b) 195; (c) 211 
Counts per 3 minutes: (d) 639; (e) 599 
Background: 52 counts per minute 
Average net count per minute: (1860/9)-52 = 206 
Specific activity: 206 1 10 -0.0721 X 2.22 X 109 X 0.1131 X 0.05 
= 1.74 x lo-3 me/gram 
Sample No 2 
\'Ieight of sample and dilution: 79.75 mg. in water to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.07975 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute: 
Background: 
(a) 165; (b) 170; (c) 162 
(d) 167; (e) 166; (f) 165 
50 counts per minute 
Average net count per minute: (995/6)-50 = 116 
Specific activity: 116 1 10 X X __ .....:;;;;_ _ 0.0721 2.22 X 10~ 0.07975 X 0.05 
= 1.80 x lo-3 me/gram 
Average specific activity: 1. 72 x lo-3 + 1.82 x lo-3 
2 = 
= 
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Activity per mole of formate ion: 1.77 X 10-3 X 191.45 -
2 - 0.17 me. 
The above found activity per mole of formate ion represents 
0.17/10.6 or 1.6 per cent of the activity of the starting material. 
It turned out that a fraction of the activity of the zinc salt 
resided in the crystalline water as shown in the following 
experiment. 
( *) He an deviation ca. ~. 
ll. Account of Activity Lost in Ozonolysis of A2-Dihydropyran-H3 
a. ~limination of Tritium from the Crystalline Water of Zinc 
Formate Dihydrate 
Two grams of zinc formate dihydrate, which had been obtained 
from ozonolysis of 8 2-ctihydropyran-H3 and had an activity of 0.17 
millicurie per mole of formate ionJwas dissolved in 150 ml. of 
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distilled water in a 250 ml. standard taper Erlenmeyer flask. The 
solution was allowed to remain at room temperature for two hours 
and then the water was removed by using a Rinco rotating evaporator 
exactly as described on page 182. The above process of dissolution 
of the salt in 150 ml. of water followed after two hours by evaporation 
to dryness was repeated two more times. The wet residue from the last 
operation was triturated with 20 ml. of ice-cold commercial anhydrous 
ethanol, and the crystalline product was collected by suction 
filtration, washed with 10 ml. of cold ethanol and dried for 24 
hours as described on page 182. Results fram a radioactivity 
analysis of this material are as follows: 
Weight of sample and dilution: 
Aliquot of dilution counted: 
Actual weight of sample counted: 
Solvent used j11 counting: 
Efficiency: 
Counts per minute: 
Background: 
124.94 mg. in water to 10 ml. 
0.0500 ml. 
(0.12494 x 0.05)/10 gram 
toluene containing 12% methanol 
7.14 per cent . 
(a) 193; (b) 200; (c) 192 
(d) 184; (e) 195; (f) 188 
50 counts per minute 
186 
Average net count per minute: (ll52/6)-50 = 142 
Specific activity: J..42 X 1 X 10 0.0714 2.22 X 109 0.12494 X 0.05 -
-- 1.43 x lo-3 me/gram 
The remaining zinc formate dihydrate was dissolved in 150 ml. 
of distilled water in a 250 ml. Erlenmeyer flask and the solution 
was heated on a steam bath for two hours. The water was then 
evaporated under reduced pressure exactly as described in the 
beginning of the present experiment. The product was treated with 
20 ml. of cold anhydrous ethanol as usual, collected by suction 
filtration and dried as previously. A sample of the thus treated 
zinc formate dihydrate was analyzed for radioactivity and the 
results were as follows: 
Weight of sample and dilution: 129.56 mg. in water to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.12956 x 0.05)/10 gram 
Solvent used in counting: t_oluene containing 1~ methanol 
Efficiency: 7.19 per cent 
Counts per 5 minutes: (a) 996; (b) 998 
Background: 47 counts per minute 
Average net count per minute: (1994/10)-47 = 152 
Specific activity: 152 0.0719 
X 1 X 10 : 
2.22 X 109 0.12956 X 0.05 
= 1.47 x lo-3 me/gram 
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Average specific activity: 1•43 ~ 1•47 x lo-3 = 1.45 x lo-3 me/gram(*) 
Activity per mole of formate 
ion after elimination of tritium 
from the crystalline water: 
1.45 X 10-3 X 191.45 
2 = 0.14 me. 
The results from the two determinations given above show that 
the activity of zinc formate dihydrate reached a constant value 
after the removal of tritium from its crystalline water. The fact 
that no loss of activity was observed after the treatment with hot 
water suggested that the tritium bonded to the carbon of the 
formate ion did not exchange for hydrogen under the conditions em-
ployed in the decomposition of the ozonide. Therefore, the ultimate 
value of 0.14 me per mole of formate ion, representing 0.14/10.6 
or 1.3 per cent of the activity of the starting ~2-dihydropyran-H3, 
is most probably a measure of the activity at position 2 of this 
compound. 
(*) Mean deviation ca. 1.5%. 
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b. Tritium Radioactivity Balance in Ozonolysis of ~2-Dihy<iro:eyran-H3 
The distribution of activity in the fragments of ozonolysis 
of ~-dihydropyran-H3 can be summarized as follows: 
Activity of A2-dihydropyran- H3: 10.6 me/mole 
Activity of thiosemicarbazone of 4-hydroxybutanal: 7.73 me/mole 
Activity of zinc formate dihydrate: 0.14 me/mole of 
formate ion 
Accordingly, 2.73 me. per mole of dihydropyran (a quarter of the 
original activity) is not accounted for. Since 0.0375 mole of 
dihydropyran was employed in the ozonolysis, the unaccounted activity 
amounts to 0.102 me. 
The assumption that all of the unrecovered activity is present as 
water-H3 in the \'later used in the decomposition of the ozonide can 
be tested. Thus, the tritium activity in the crystalline water of 
the zinc salt must be the same as the activity of the water from which 
the hydrate was originally obtained. This activity can be calculated 
as follows: 
Tritium activity of (H3coo) 2Zn. 
Tritium activity of (H3coo)~. 
3 
2 H2o (page 184): 
2 H2o (page 186): 
1.77 x lo- 3 me/g. 
1.47 x lo-3 me/g. 
Tritium activity in water of zinc formate dihydrate: 0.30 x lo-3 me/g. 
Since there is 36 191. 45 g. of water of hydration 
in one gram of the dihydrate, the activity of this water should be: 
0.0016 me/gram. 
As stated above, this should be the same as the specific activity of 
the 60 grams of water used in the decnmposition of the ozonide 
189 
(page 176 ). Therefore, the water must contain a total of 60 x 0.0016 = 
= 0.096 me. of tritium activity. This figure compares well with the 
unrecovered amount of 0.102 me. 
The above calculation shows that no tritium is lost from 4-hydro-
xybutanal after its isolation and when the thiosemicarbazone de-
rivative is formed. Most probably transfer of tritium from dihydro-
pyran to water occurs during the treatment of the ozonide with zinc 
and water and, possibly, during the long continuous extraction with 
ether. 
12. Glutaric Acid-H3 from A2-Dihydropyran-H3 
HOH 
H~ 
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Tr1T TOT 
o/ l ... TQl 0 OH HOOC COOH 
The procedure followed in this preparation was similar to that 
of English and Dayan (24) as modi fied by McLeod (64). 
Two grams (0.024 mole) of 62-dihydropyran-H3, which had an 
activity of 10.6 millicuries per mole, -was - added to a 25 ml. 
Erlenmeyer flask containing 5 ml. of distilled water and two drops 
of concentrated nitric acid. The flask was stoppered and the mixture 
shaken for about 5 minutes until a homogeneous solution was obtained. 
The aqueous solution of 5-hydroxypentanal was then allowed to remain 
at room temperature for about 15 minutes. 
A 25 ml. round bottomed flask containing 9.6 g. of concentrated 
nitric acid (Baker, Analyzed Reagent)and a teflon enclosed stirring 
bar was fitted with a small condenser which, in turn, was connected 
to a small dropping funnel with a pressure equalizing side arm. The 
flask was cooled by means of an ice-salt bath mounted on a magnetic 
stirrer. After the acid had been cooled for about 10 minutes with 
constant stirring, 0.16 g. of sodium nitrite (Baker, Analrzed Reagent) 
was added by lifting the condenser momentarily. The mixture was 
stirred for about 5 minutes, and the previously prepared solution of 
5-hydroxypentanal was transferred into the funnel and added slowly 
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over a period of two hours with constant stirring and cooling. The 
oxidation mixture turned yellow when the first drops of the hydroxy-
aldehyde solution had been added and, eventually, it became green and 
then deep blue. Stirring and cooling was continued for two hours 
after the addition had been completed. The cooling bath was then 
removed, and the reaction mixture was stirred at room temperature for 
three more hours. At the end of that time the condenser was dis-
connected from the flask and stirring was continued in order to 
facilitate the removal of brown fumes of nitrogen oxides for.med 
during the reaction. After approximately 45 minutes the reaction 
mixture was practically colorless. The mixture was then transferred 
to a 125 ml. standard taper ~rlenmeyer flask by means of a dropping 
pipette. The reaction flask was rinsed with 5 ml. of distilled 
water &nd the washings were combined with the main reaction mixture. 
The Erlenmeyer flask was then fitted to a Rinco rotating evaporator 
and its content was evaporated to dryness from a water bath at 
30-350 with suction from a water pump. Five milliliters of distilled 
water were added and the process of evaporation to dryness was repeated 
in the same manner. The residue, a slightly green solid, was dissolved 
in 60 ml. of ether within the same flask and the solution was allowed 
to remain at room temperature for one hour over a small amount of 
anhydrous magnesium sulfate and decolorizing carbon. The mixture was 
filtered through a sintered glass funnel of fine porosity with suction 
from a water pump. The flask was rinsed with 20 ml. of anhydrous 
ether in small portions and the rinsings were filtered through the 
same funnel. The volume of the combined colorless filtrates was 
reduced to approximately 5 ml. by evaporation on a steam bath and 
the residual solution was transferred to a 25 ml. Erlenmeyer flask. 
The original container was rinsed 5 times with 2 ml. portions of 
anhydrous ether and the washings were transferred to the same 
Erlenmeyer flask. The latter was heated on a steam bath until a 
volume of about 7 or 8 ml. had remained and then 10 ml. of benzene 
was added. The mixture was heated until its volume had been reduced 
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to approximately one half and then allowed to cool to room temperature. 
Colorless needles separated within few minutes. The flask was cooled 
in an ice bath for 15 minutes and the product was collected by suction 
filtration, washed with three 2 ml. portions of cold benzene and air 
dried overnight with continued suction. The yield of glutaric acid, 
which had a melting point of 92-94°, was 2.4 g. (76%). One recrystal-
lization from benzene and two from a minimum amount of a 1:1 mixture 
of absolute ethanol and benzene afforded 2.0 g. (66%) of pure glutaric 
acid with a constant melting point of 96-97°. Stouffer (108) and 
McLeod (64) report m.p. 93.5-95° and 93-94° respectively. Other 
reported values for the melting point of glutaric acid are: 93-95° (ll), 
96-97° (75), 97-97.5° (32) and 97-98° (58). 
Analysis Calculated for C5Hs04: C, 45.45; H, 6.10 
Found: C, 45.4 ; H, 6.0 
In a later experiment, A2-dihydropyran-H3, 4.2 g. (0.05 mole), 
was oxidized with nitric acid exactly as described above to give 
4.03 g. (61%) of pure glutaric acid-H3 and 0.5 g. of succinic acid. 
Separation was effected by recrystallization from benzene in which 
succinic acid is relatively insoluble. The tritiated glutaric acid 
from this preparation (not analyzed for tritium) was combined with 
the remainder from the first preparation in a future experiment 
(page 199). 
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13. I'Iolar Activity of Glutaric Acid-H3 
The glutaric acid obtained in the previous experiment (m.p. 
96-97°) was stored overnight in a vacuum desiccator over Drierite 
and analyzed for tritium activity by the procedure described in 
Section G (page 222 ). Data and calculations from a duplicate 
determination are as follows: 
Sample #1 
Weight of sample and dilution: 59.2 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.0592 x 0.05)/10 gram 
194 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 
Counts per minute: 
Background: 
Average net count per minute: 
7.21 per cent 
(a) 2830; (b) 2710; (c) 2784 
(d) 2761; (e) 2794; (f) 2769 
52 counts per minute 
(16648/6)-52 = 2723 
t . . 2723 X 1 X 10 - I Spec. ac 1~ty: 0.0721 2.22 x 109 0.0592 x 0.05 - 0.0595 me gram 
Sample #2 
Weight of sample and dilution: 32.18 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.03218 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.21 per cent 
Counts per minute: 
Background: 
Average net count per minute : 
(a) 1583; (b) 1568; (c) 1581 
(d) 1541; (e) 1607; (f) 1583 
50 counts per minute 
(9463/6)-50 = 1527 
195 
S t . ·t 1527 1 10 _ I pee. ac l~ y: 0 0721 x 2 22 109 x - 0.0593 me gram 
• • X 0.03218 X 0.05 
Average specific activity: (0.0595 + 0.0593)/2 = 0.0594 me/gram 
The remaining glutaric acid was recrystallized from a minimum 
amount of a 1:1 mixture of absolute ethanol and benzene. The product, 
m.p. 96-97°, was dried overnight in a vacuum desiccator over 
Drierite and analyzed f or radioactivity as described previously. Data 
and calculations from a duplicate determination are as follows: 
Sample #3 
Weight of sample and dilution: 55.8 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: (0.0558 x 0.05)/10 gram 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7 .14 per· cent 
Counts per minute: (a) 2653; (b) 2626; (c) 2671 
Background: 50 counts per minute 
Average net count per minute: (7950/3)-50 = 2600 
Spec activity· 2600 1 10 1 
• • 0.0714 x 2.22 x 109 x 0.0558 x 0.05 = 0.0588 me gram 
Sample #4 
Weight of sample and dilution: 
Aliquot of dilution counted: 
Actual weight of sample counted: 
Solvent used in counting: 
Efficiency: 
Counts per minute: 
Background: 
Average net count per minute: 
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26.14 mg. in methanol to 10 ml. 
0.05 ml. 
(0.02614 x 0.05)/10 gram 
toluene containing 12.% methanol 
7.19 per cent 
(a) 1288; (b) 1228; (c) 1330 
(d) 1301; (e) 1260; (f) 1285 
47 counts per minute 
(7692/6)-47 = 1235 
Spec. activity: O~~~i9 X 2•221X l09 X 0.02~~ X 0.05 : 0.0592 me/gram 
Average specific activity of 
recrystallized glutaric acid 
(3 + 4): 
Average spec. activity of glutaric 
acid before and after recrystal-
lization (1 + 2 + 3 + 4): 
o.o588 + o.o592 _ 0 0 0 I 2 - • 59 me gram 
0.0595 + 0.0593 + 0.0588 + 0.0592 = 
4 
·= 0.0592 .± 0.25%( *) me/gram 
Molar activity of glutaric acid-H3: 0.0592 x 132.11 = 7.82 me/mole 
The above found molar activity of glutaric acid represents 
7.82/10.6 or 73.8 per cent of the molar activity of the starting 
~ 2-dihydropyran-H3. 
(*) Standard deviation. 
14. Attempted Direct Elimination of Tritium from ~-Positions of 
Glutaric Acid-H3 
197 
The procedure followed in the attempt described below was similar 
to that employed by Bernhard (6) for adipic acid. 
Tritiated glutaric acid, 0.66 g. (0.005 mole) which had an acti-
vity of 7.82 millicuries per mole, was placed in a 50 ml. round 
bottomed flask along with a solution of 4 g. (0.1 mole) of sodium 
hydroxide in 20 ml. of distilled water. The flask was fitted with a 
condenser and the mixture was refluxed for three days by using a 
heating mantle. Some white flocculent material formed during the 
reflux period, probably the result of attack of the glass container 
by the base. The solutibn was cooled to 0° and a 10% sulfuric acid 
solution was added dropwise with stirring and cooling until tests with 
Hydrion paper showed that the mixture had a pH of about 2. The 
acidified solution was transferred to a separatory funnel and extracted 
several times with a total of 150 ml. of ether. The ether extract was 
allowed to dry for two hours over anhydrous magnesium sulfate and the 
ether was removed under vacuum by using a Rinco rotating evaporator 
with gentle suction from a water pump. The crystalline white residue 
was dissolved in 10 ml. of ether and the solution was transferred to 
a 25 ml. Erlenmeyer flask. Ten milliliters of benzene was added and 
the mixture was heated on a steam bath until its volume had been 
reduced to about 8-10 ml. The flask was allowed to cool at room 
temperature until the first crystals had begun to separate and was 
then placed in an ice bath for about 20 minutes. The product was 
collected by suction filtration, washed with 2 ml. of cold benzene 
and air dried for some time. The yield of the recovered glutaric 
acid, m.p. 95-97° was 5.35 g. (81%). One recrystallization from 
benzene afforded long colorless needles with a melting point of 
96-97°. A sample of this material was dried overnight in a vacuum 
desiccator over Drierite and analyzed for radioactivity as usual. 
Data and results from this analysis are as follows: 
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Weight of sample and dilution: 23.35 mg . in methanol to 10 ml. 
Aliquot of dilution counted: 
Actual weight of sample counted: 
Solvent used in counting: 
Efficiency: 
Counts per minute: 
Background: 
Average net count per minute: 
0.0500 ml. 
(0.02335 x 0.05)/10 gram 
toluene containing 12% methanol 
7.19 per cent 
(a) 996; (b) 1033; (c) 1085 
(d) 1015; (e) 1064; (f) 1077 
47 counts per minute 
(6270/6)-47 = 998 
. 998 1 10 
Spec. activ~ty: 0.0719 x 2.22 x 109 x 0.62335 x 0.05 = 0.0535 me/gram 
Holar activity: 0.0535 x 132.11 = 7.07 me/mole 
A comparison of t his activity with that of the starting glutaric 
acid shows that the latter underwent a loss of 7.82- 7.07 = 0.75 
me/mole, which corresponds to 9.6 per cent. 
199 
15. Methyl Glutarate- H3 from Glutaric Acid-H3 
ether 
An ethereal solution of diazomethane was prepared by following 
the procedure described by Vogel (119). 
Sixty milliliters of 50% aqueous sodium hydroxide solution and 
200 ml. of ether were placed in a 500 ml. round bottomed flask con-
taining a stirring bar. The mixture was cooled in an ice-salt 
bath mounted on a magnetic stirrer and, when its temperature was 
approx±mately 5° (determined by occasionally immersing a thermometer), 
20.6 g. of nitrosomethylurea was added in small portions with constant 
stirring over a period of one half hour. The yellow mixture was 
stirred for another 15 minutes after the addition had been completed 
and then the flask was connected to a distillation assembly, all the 
parts of which were jointed with pieces of rubber tubing. A 500 ml. 
flask containing 100 ml. of ether, cooled by means of an ice bath, 
was used as a receiver. The reacticn mixtu~e was then warmed by means 
of a water bath at 50° and the ethereal solution of diazomethane was 
distilled until the condensing vapors were practically colorless. 
The remainders of glutaric acid after the radioactivity analysis 
and the attempted exchange of tritium for hydrogen were combined with 
3.5 g. of glutaric acid-H3 prepared in an independent experiment and 
not analyzed for activity (page 192 ). The combined weight of the 
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mixture was approximately 5 grams. 
In a 250 ml. Erlenmeyer flask was placed 2.64 g. (0.02 mole) of 
the mixed glutaric acid-H3 aDd 20 ml. of ether. The solution was 
cooled in an ice bath and 100 ml. of the previously prepared and still 
cold ethereal solution of diazomethane was added. A vigorous but 
brief evolution of gas was observed. The flask was placed on a steam 
bath under the hood and the mixture was warmed gently to expell 
excess diazomethane. When no more yellow color was visible, a small 
amount of anhydrous magnesium sulfate was added along with few milli-
grams of decolorizing carbon and the mixture was allowed to remain 
at room temperature for two hours with occasional swirling. The 
suspended solids were removed by filtration through a sintered glass 
funnel of fine porosity with gentle suction from a water pump. The 
reaction flask was rinsed several times with a total of 30 ml. of 
anhydrous ether and the rinsings were filtered through the same funnel. 
The combined colorless filtrates were caught directly into a 250 ml. 
standard taper round bottomed flask. The latter was fitted to a Rinco 
rotating evaporator and the colume of the solution was reduced to 
approximately 50 ml. with gentle suction from a water pump. The 
concentrated solution was transferred to a tared 100 ml. flask along 
with 20 ml. of anhydrous ether used to rinse the emptied large flask. 
The solution was then evaporated to dryness by using the rotating 
evaporator. The flask with the residue, a colorless oil, was stored 
in a vacuum desiccator over phosphorus pentoxide. The yield of the 
dry methyl glutarate-H3 was 3.15 g. (98.4%). 
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The remaining glutaric acid- H3, 2.31 g. (0.0175 mole) was esteri-
fied exactly as described above to afford 2.8 g. (100%) of methyl 
glutarate-H3. 
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16. Exchange of Tritium for Hydrogen in Methyl Glutarate-H3 
The procedure followed in the experiments described below was 
comparable to that reported by Brown and Eberly (13). In one set of 
experiments the exchange took place at room temperature while in 
another elevated temperatures were employed. 
a. Exchange at Room Temperatures 
Methyl glutarate-H3, 3.15 g. which had been prepared from 2.64 g. 
of glutaric acid-H3 as described in the previous experiment, was dis-
solved within its container (100 ml. flask) in 20 ml. of methanol 
which had been dried and distilled from magnesium methoxide (117). 
Approximately 0.1 g. of sodium was added and the flask was fitted with 
a calcium chloride tube until the metal had completely dissolved. The 
tube was then replaced by a stopper and the mixture was allowed to 
remain at room temperature for about six hours. At the end of that 
period the flask was fitted to a Rinco rotating evaporator and the 
solvent was evaporated to dryness at room temperature with suction 
from a water pump. Approximately 20 ml. of dry methanol was added 
and the process of allowing the mixture to remain at room temperature, 
followed by evaporation to dryness, redissolution in methanol etc., 
was repeated over a period of six days. Throughout that period, the 
solvent was replaced 15 times. To the residue from the final operation 
were added 25 ml. of methanol and 25 ml. of a 20% aqueous sodium h~dro-
xide solution. The mixture was allowed to remain at room. ~emperature 
overnight and then its volume was reduced to approximately one half 
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by evaporation under reduced pr essure. The flask was fitted with a 
condenser and the mixture was refluxed for two hours. The solution 
was then cooled to 0° and a 10% sulfuric acid solution was added drop-
wise with stirring and cooling until a test with Hydrion paper showed 
a pH of about 2. The acidified solution was transferred to a 
separatory funnel and extracted several times with a total of 200 ml. 
of ether. A small amount of anhydrous magnesium sulfate and few 
milligrams of decolorizing carbon were added and the ether extract 
was allowed to remain at room temperature for two hours. The solids 
were separated by filtration with suction through a sintered glass 
funnel of fine porosity and the colorless filtrate was concentrated 
under reduced pressure by using the rotating evaporator. When few 
milliliters of solution remained the evaporation was interrupted and 
the solution transferred to a 50 ml. Erlenmeyer flask. Approximately 
20 ml. of ether was used to rinse the original flask and complete the 
transfer. The ether was removed by evaporation on a steam bath and the 
white crystalline residue was dissolved in 15 ml. of boiling benzene. 
On cooling, first at room temperature and then in an ice bath, shiny 
colorless needles separated. The product was collected by suction 
filtration, washed with three 2 ml. portions of cold benzene and air 
dried on the filter with continued suction. The crude product, m.p. 
94-96°, was recrystallized once more from benzene containing a small 
amount of absolute ethanol to afford pure glutaric acid with a melting 
point of 96-97°. The yield of the recovered acid was 2.32 g. which 
represents 88 per cent of the esterified glutaric acid. A sample of 
the thus treated glutaric acid was analyzed for radioactivity, the 
results of the analysis being as follows: 
Sample #1 
~4 
Weight of sample and dilution: 50.8 mg. in methanol to 10 ml. 
Aliquot of dilution counted: 
Actual weight of sample counted: 
Solvent used in counting: 
Efficiency: 
Counts per minute: 
Background: 
Average net count per minute: 
0.0500 ml. 
(0.0508 x 0.05)/10 gram 
toluene containing 12% methanol 
7.ll per cent 
(a) 495; (b) 496; (c) 465 
(d) 485; (e) 472; (f) 497 
63 counts per minute 
(2910/6)-63 = 422 
S ·f· t· ·t ~2 1 10 - o 0105 I pee~ ~c ac ~~ y: x 10~ x • me gram • 2.22 X ~ 0.0508 X 0.05 
Molar activity: 0.0105 x 132.11 = 1.39 me/mole 
The remaining glutaric acid, 2.26 g., was converted to its methyl 
ester with diazomethane exactly as described on page 199. The ester 
was then treated with 20 ml. of anhydrous methanol containing a 
catalytic amount of sodium over a period of 6 dqys with at least one 
replacement of the solvent every day. Saponification of the final 
residue, followed by extraction with ether and purification as described 
previously, afforded 1.94 g. (86%) of pure glutaric acid melting at 
96-97°. A sample of this acid was analyzed for radioactivity with the 
following results: 
Sample #2 
Weight of sample and dilution: 70.45 mg.in methanol to 10 ml. 
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Aliquot of dilution counted: 0.0500 ml. 
Actual weight of sample counted: 
Solvent used in counting: 
Efficiency: 
(0.07045 x 0.05)/10 gram 
toluene containing 12% methanol 
6.92 per cent 
Counts collected in 5 minutes: (a) 503; (b) 535 
Background: 69 counts per minute 
Average net count per minute: (1038/10)-69 = 35 
Specific activity (cal'd as previously: 6.5 x lo-4 me/gram 
Molar activity: = 0.00065 x 132.ll = 0.085 me/mole 
The remaining glutaric acid, 1.86 g., was converted to the 
methyl glutarate and the latter was subjected to exchange conditions 
exactly as described previously. After 5 days the ester was saponified 
to afford 1.67 g. (90%) of pure glutaric acid. A sample of 61.23 mg. 
was dissolved in methanol to 10 ml., and a 0.05 ml. aliquot of the 
dilution was counted in 12% methanol-toluene system at 7.76% efficiency. 
The results of this analysis were as follows: 
Sample #3 
Counts collected in 5 minutes: 411 
Background: 76 counts per minute 
Average net count per minute: (4ll/5)-76 = 16 
Specific activity: 3.0 x lo-4 me/gram 
Molar activity: = 0.00030 x 132.ll = 0.04 me/mole 
A portion of the remaining acid, 0.6 g., was again esterified 
and the resulted methyl glutarate was subjected to the exchange 
conditions previously described. After about 10 days, during which 
the solvent was replaced 5 times, the ester was saponified and the 
recovered acid was analyzed for radioactivity as usual. A sample of 
0.1 gram (#4) did not give a single count above background. The 
exchange had finally been completed. 
b. Exchange at Elevated Temperatures 
The second batch of methyl glutarate-H3, which had been prepared 
from 2.31 g. of glutaric acid (page 201 ), was dissolved in 20 ml. of 
anhydrous methanol containing a catalytic amount of sodium and the 
flask was fitted with a condenser the upper nd of which was connected 
to a calcium chloride tube. The flask was heated by means of a heating 
mantle so that the solution was brought to and maintained at a gentle 
reflux. After 24 hours the solution was cooled and the solvent evapo-
rated under reduced pressure as described in the first part of this 
experiment. Another 20 ml. of anhydrous methanol was added and the 
process of refluxing for 24 hours followed by replacement of the solvent 
was carried out for six days. The ester was then saponified and the 
glutaric acid was isolated and purified exactly as described previously. 
The yield of the pure product, m.p. 96.5-97°, was 2.08 g. (90%). 
A sample of 36.95 mg. was dissolved in methanol to a volume of 10 ml., 
and a 0.05 ml. aliquot of this solution was counted in 12% methanol-
toluene system at 7.76 per cent efficiency. The results of the radio-
activity analysis were as follows: 
Sample #1 
Counts collected in 5 minutes: 407 
Background: 76 counts per minute 
Average net count per minute: (407/5)-76 = 15 
Specific activity (cal'd as previously): 4.7 x lo-4 me/ gram 
Molar activity: = 0.00047 x 132.11 = 0.062 me/mole 
One gram of the remaining glutaric acid was again esterified 
with diazamethane and the ester was treated exactly as described 
~7 
above. After one week the methyl glutarate was saponified and the 
isolated glutaric acid, 0.85 g. (85%), was analyzed for radioactivity 
as usual. A sample (#2) of 0.1 g. gave only 2 counts above background. 
D. ~2-Dihydrop~ran plus Tritiated Water over Hot Glass Wool 
1. Purification and Activity Analysis of Recovered Tritiated Water 
Approximately 8 ml. of water-H3, which had been recovered in 
the experiment of tritiation of 62-dihydropyran over hot alumina 
(page 160), was transferred to a 50 ml. round bottomed flask and 
diluted with distilled water to a total of about 25 milliliters. One 
gram of potassium permanganate was added along with 0.5 g. of sodium 
hydroxide and the flask was fitted with a reflux condenser and mounted 
on a steam bath. The mixture, in which a voluminous brow.n precipitate 
had already formed, was heated gently for 30 minutes, then allowed 
to cool to room temperature and filtered into another flask similar 
to the -previous one. The filter cake was rinsed with 3 ml. of distilled 
water and to the combined filtrates was added 0.5 g. of potassium 
permanganate. The mixture was heated for another 30 minutes with 
occasional addition of few milligrams of the oxidizing agent until 
the characteristic violet color of the latter seemed to persist. 
The contents of the flask were filtered directly i nto the pot of a 
small one-piece distilling unit. The filter cake was again rinsed 
with 3 ml. of distilled water and the combined filtrates, which had 
a slight violet color, was distilled at atmospheric pressure by using 
a heating mantle. The collected water was transferred into another 
distilling unit and redistilled from a small amount of potassium 
per.manganate and sodium hydroxide. The thus purified water weighed 
21 grams. Data and calculations from radioactivity analysis of a 
small sample of this water are as follows: 
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Dilution of sample (at 250): 0.0500 ml. in methanol to 10 ml. 
Aliquot of dilution counted: 0.0500 ml. 
Actual volume of sample counted: (0.05 X 0.05)/10 ml. 
Solvent used in counting: toluene containing 12% methanol 
Efficiency: 7.19 per cent 
Counts per minute: (a) 61341; (b) 61379; (c) 61042 
Background: 47 counts per minute 
Average net count per minute : (183762/3)-47 = 61207 
s if. t. •t 61207 1 10 1 53 /ml pee ~c ac ~~ y : 0.0719 x 2.22 x 109 x 0.05 x 0.05 = • me • 
~0 
2. ~2-Dihydropyran plus Tritiated ~ater over Hot Glass Wool 
The apparatus employed in the following experiment was identical 
with that used for the tritiation of ~ihydropyran over hot alumina 
(page 158). 
Glass wool (pyrex) was soaked for six hours in 20% aqueous 
acetic acid, then washed for three hours with constantly running tap 
water and, finally rinsed several times with distilled water and 
allowed to dry overnight in an oven at 110°. 
The yprolysis tube was packed with the thus treated glass wool 
and placed in the assembly. The furnace was then heated to about 350° 
(cf. calibration on page 120) and allowed to remain at that tempera-
ture overnight with nitrogen passing through at the rate of one bubble 
every 15 minutes. 
In the two dropping funnels of the addition system (page 161) 
were placed respectively 12.6 g. (0.15 mole) of 62-dihydropyran, which 
had been purified as described on page 122, and 13.5 ml. of water-H3 
which had an activity of 1.53 millicurie per milliliter. Both liquids 
were t hen added to the pyrolysis tube simultaneously drop for drop at 
the rate of one mixed drop every 6 seconds. The flow of nitrogen was 
maintained at the rate of one bubble per second t hroughout the addition 
which lasted approximately one hour. Heating and sweeping with nitrogen 
was continued for 10 minutes after the completion of the addition . 
The receiving f lask, which had been immersed in a Dry Ice-acetone bath 
as usual, was disconnected from the assembly, stoppered and its 
contents allowed to warm to 0° in an ice bath. The product, which 
consisted of two colorless layers, was transferred into a separatory 
funnel and the water layer was removed. The organic layer was washed 
five times with 15 ml. portions of cold distilled water and allowed 
to dry overnight over calcium hydride. The crude dihydropyran was 
then transferred into a small one-piece distilling unit and distilled 
from a small amount of lithium aluminum hydride by using an oil bath 
at 115-120°. After a small forerun, the product distilled at 85-86°. 
The yield of ~2-ctihydropyran, n025 1.4381, was 8.6 g. (68%). 
Redistillation from a small amount of lithium aluminum hydride afforded 
7.6 g. of product which had a refractive index n0
25 1.4382. A sample 
of this product was analyzed for radioactivity as usual and found to 
be completely inactive. 
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E. Measurements of Carbon- 14 Activity 
The procedure followed in activity analysis of all samples 
containing carbon- 14 was that of Schwebel, Isbell and Moyer (92) as 
adopted by Stouffer (101) and later by Koehler (48) . 
The apparatus, installed in an air-conditioned room with humi-
dity control, consisted of a Tracerlab SC-16P Proportional Windowless 
Flow Counter with the counts being recorded on a Tracerlab SC-32 
Ampliscaler having an automatic timing device. Prior to its operation, 
the counter was flushed for at least 16 hours with Tracerlab Geiger 
Flow Gas (consisting largely of Argon) at the rate of one bubble per 
second observed in the special bubble trap. The reason behind this 
preliminary treatment is to remove from the counting volume all traces 
of air which will adversely affect the plateau characteristics. The 
same rate of flow was maintained throughout counting of the samples. 
The plateau of the counter was determined by counting a reference 
standard, obtained from Tracerlab and consistu1g of a barium carbo-
nate- c14 source, at increasing voltages applied to the center wir e 
starting fr ill 1400 volts. At a sensitivity setting of one millivolt 
the plateau of the counter was flat for beta radiation from 1750 to 
2050 volts. This plateau region was checked at intervals during the 
course of the research and was found to remain constant. The voltage 
applied to the center wire throughout all determinations was 1900. 
A small sample, usually 15 to 25 mg . , of the material to be 
analyzed was weighed in a tared 1 . 25 ml. volumetric flask by using 
a semimicro analytical balance . The sample was dissolved within the 
flask by adding to the mark either dimethylformamide or formamide 
(both Eastman Kodak, ''White Label"; used directly without further 
purification) with the aid of a capillary pipette. After thorough 
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mixing the weight of the flask and contents was taken again in order 
to obtain the density of the solution. A few drops of this solution 
were placed on a stainless steel planchet which was 2 mm. deep and had 
an inner diameter of 23.2 millimeters. The amount of the solution 
was just enough to form a uniform layer covering the bottom of the 
planchet and part of its inside walls without creeping over the edges. 
The sample planchet, a blank consisting of an identical empty planchet, 
and the standard reference source were introduced in succession into 
the counter by using special forceps accompanying the instrument. The 
opening of the counter was covered (sample dust cover), and 15 minutes 
were allowed to elapse prior to any counting so that the flowing gas 
could expel air introduced during the insertion of the planchets. 
The sample, blank and standard were then counted in succession, each 
for five minutes. The planchet counted last in the first cycle served 
as first in the second cycle and the process was continued until each 
• 
planchet had been counted seven times. 
The count for the blank was subtracted from each of the values 
for the sample and the standard in each cycle, and the thus corrected 
sample count was divided by the corrected standard count to give a 
"relative count". Seven such ratios were obtained for every sample 
analyzed throughout this research. The average relative count and the 
standard deviation of the average were calculated by standard 
statistical formulas. As an example, these calculations are shown in 
detail for the case of thiosemicarbazone from unrearranged dihydropyran 
on page /30 . 
To obtain the "relative molar activity" of the material being 
analyzed, the average relative count of the sample was multiplied by 
the density of the solution and by the molecular weight of the compound 
and divided by the weight of the sample in milligrams. The relative 
molar activity was determined in duplicate and the "average relative 
molar activity" is given at the end of each pair of analyses. 
All radioactive samples, after having been analyzed in duplicate, 
were recrystallized and again analyzed in duplicate. In all cases, 
the average r elative molar activities before and after recrystallization 
were nearly identical and, therefore, the average relative molar 
activity of all four determinations was given at the end of each 
particular experiment. The standard deviation of the final mean 
value was calculated in the same manner as for the relative count. 
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F. Determination of OxYgen-18 
1. Preparation of Liquid .Analytical Samples 
Duplicate samples of 5-hexen-l-ol-o18 and of 62-ctihydropyran-o18 
(before and after its rearrangement) were enclosed in capillary tubes 
under high vacuum by using the assembly shown in Fig. 4 (page 217 ) 
and following the procedure described below. 
Two narrow tubes (5 mm. diameter), made of Pyrex glass and 
ending in 7/25 standard taper female joints, were drawn into capil-
laries, approximately 8 em. long. These tubes were cleaned in an 
acid bath, washed thoroughly with distilled water and dried for 
several hours in an oven at 110°. The ends of the capillaries were 
then sealed, and the units (C.T.) were weighed in a semimicroanalytical 
balance to the fourth decimal figure and connected to the high vacuum 
line by means of two joint reducing adapters (Al and A2)• The high 
vacuum line was essentially the same as that used by Stouffer (106) 
with an additional outlet introduced along its upper horizontal part. 
A small standard taper test tube (S.T) containing few drops 
of the sample to be analyzed was connected to the same line and 
cooled by means of a Dewar flask containing liquid nitrogen . In the 
case of dihydropyran, few granules of lithium aluminum hydride were 
added to the sample tube prior to its connection to the line. The 
system was then evacuated by maintaining all valves open except V2• 
vfuen the vacuum had become better than l0-4 mm., the valves v1 and 
v5 were closed and the liquid nitrogen bath was transferred from the 
tube with the sample to the first capillary so that approximately one 
a6 
half of the latter was immersed in the bath. Within few minutes a 
small amount of liquid distilled into the capillary. Another small 
amount of sample was then collected into the second capillary by 
opening the valve v5 and using another Dewar flask with liquid nitrogen. 
In order to reduce losses of sample, a third liquid nitrogen bath was 
placed for 5 minutes under the original sample tube (S.T) which was 
then isolated from the system by closing the valve v3. While the 
lower parts of the capillaries were still being cooled, valve v1 
was opened and the system was again evacuated in order to reduce the 
concentration of vapors prior to the sealing of the samples. After 
about 5 minutes of evacuation and pressure recheck, the valve v1 
was closed and the capillaries were sealed off at their upper ends, 
one at a time and after having closed the corresponding valve. 
The weight of the enclosed samples was found by difference 
after cleaning, drying and weighing each capillary along with the 
part of the unit from which it had been sealed off. The weights of 
all samples are given in the first column of the Table IV (page 220 ). 
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FIGURJ£ 4 
APPARATUS FOR PREPARATION OF OXYGEN-18 SAMPLES 
to manometer 
flask C.T C.T 
218 
2. Determination of OxYgen-18 
Oxygen-18 samples prepared throughout the present research were 
analyzed at the Technology Center of the Institute of Technology of 
Illinois ( *). The samples were dec_omposed by heating with mercuric 
chloride in absence of oxygen according t o a method by Rittenberg (84), 
and the carbon dioxide thus produced was analyzed by mass-spectrometry. 
The yield of carbon dioxide should be relatively good so that its 
oxygen content represents as closely as possible the distribution of 
isotopes in the decomposed sample. It is obvious that high yields of 
carbon dioxide are particularly important in cases of samples containing 
oxygen in two or more non-equivalent positions. Although with same 
of the samples analyzed the yields of carbon dioxide were low (page 220 ), 
the analyst (*) "found them reliable". 
The mass-spectrometer actually furnishes the ratio of carbon 
dioxide of mass 46 to that of mass 44 (co2-46/co2-44). The atom 
fraction of oxygen-18 is calculated from this ratio on the basis that 
two molecules of organic sample (with one oxygen atom per molecule) are 
required to produce one molecule of carbon dioxide as shown below. 
Letting "x" be the fraction of all oxygen atoms in carbon dioxide 
(and, accordingly, the fraction of all oxygen atoms in the original 
compound) with atomic weight 18, then the fraction of oxygen atoms of 
atomic weight 16 will be "1 - xn. The fractions of carbon dioxide with 
various combinations of oxygen isotopes are: 
(*) Samples were analyzed by Dr. Myron 1. Bender. 
fraction co16o16 = (1 - x)(l - x) 
" co16o18 = 2x(l - x) 
n co18o18 = X2 
0016018 = 
co16016 
2x(l - x) = 
(1 - x)2 
2x 
1-x = Ru 
The ratio C0-;_-46/C02-44 for "normal" carbon dioxide is lmown (73) 
to be: 
2(0.00204) = Rs 
0.99796 
Dividing equation (A) by (B): 
Ru - 2x(0.997~6) = RS - 2(0.00204 (1 - x) 
Finally, solving equation (C) for "x" (atom fraction of o18): 
X : 
The values calculated from equation (D) and other data from 
the combustion of samples are given as received in Table IV on the 
following page. The atom fraction of oxygen-18, given in the last 
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(A) 
(B) 
(C) 
(D) 
column of this talble, represents the total content of the heavy 
isotope including the normal abundance, which according to Nier ( 73) 
amounts to 0.204 atom per cent oxygen-18. In following the fate 
of this label in the present research, the normal abundance was 
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TABLE IV 
MASS-SPECTROMETRIC ANALYSES OF 5-HElCEN-1-01-018 (Hexenol), UNREARRANGED 
62-DIHYDROPYRAN-018 (DHP-N.R), AND REARRANGED A2-DIHYDROPYRAN-ol8 
(DHP-R. ). 
Sample Weight of Net weight mm.co2(*) Per cent Atom% ol8 
sample(mg) of HgCl2 yield co2 
Hexenol 10.57 64.1 28 40 0.702 
" 
9.92 34.7 27 57 0.770 
DHP-N.R. 11.10 48.1 15 24 - (**) 
n 22.63 41.8 48 37 0.775 
DHP-R. 11.99 60.4 10 15 0.439 
" 
6.55 57·7 6 17 0.415 
(*) Figures in this column represent pressure readings, which are 
converted to mi11imoles of carbon dioxide by using the following 
equation (from calibration): 
- millim.oles co2 
(**) C02 sample lost due to accident in analysis. 
subtracted from the values obtained from mass spectrometric analyses, 
and the excess atom per cent oxygen-18 was used throughout the cal-
culations as shown on page 142 . 
G. Measurements of TritiUm Activitz 
The activity of all tritiated compounds prepared throughout 
the present research was determined by liquid scintillation counting 
(cf. page 63 ) . After preliminary preparations in these laboratories, 
the samples were counted at New England Nuclear Co. (*) in a Packard 
TRI-CARB Liquid Scintillation Spectrometer, Model 314-DC. This 
instrument, especially built for counting weak beta radiation (such 
as emitted by tritium), is described briefly below. 
Two photomultipliers face simultaneously a special vial containing 
the solution of the sample to be analyzed plus a fluorescent material 
(scintillator) in a suitable solvent. The radiation emitted by the 
sample activates the surrounding molecules of the scintillator, thus 
causing emission of light quanta. The photomultipliers convert this 
light to electrical energy and provide amplification, usually by a 
factor of several hundred thousand. An electronic coincidence circuit 
is provided to pass only the electrical pulses due to radiation and 
reject thermal noise pulses which occur at random in the photomulti-
pliers and rarely chance to coincide in time. The output pulses from 
the photomultipliers are then amplified by a preamplifier and 
amplifier . The entire process is quite linear and the amplitudes of 
pulses from the amplifier are very nearly proportional to the 
amplitudes of pulses due to beta decay events . Finally, the pulses 
(*) Samples counted by Miss Marie Helmick. 
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from the amplifier pass through a pulse height analyzer and are 
recorded on a scaler which has an automatic timing device. The pulse 
height analyzer may be adjusted to pass only pulses from a specific 
peak of the spectrum and exclude as much as possible those due to 
background or other isotopes present. In order to reduce the thermal 
noise pulses to a minimum, the sample chamber and the two photo-
multipliers are kept in a refrigerated box at a temperature of -6°. 
The same box serves for storage of samples prior to their analysis. 
~he scintillation liquid usually consists of a solution of 4 g. 
of 2,5-diphenyloxazole (primary scintillator) and 0.05 g. of 1,4-
di 2-(5-phenyloxazolyl) b~nzene (secondary scintillator) in one liter 
of a suitable solvent (cf. page 64). For reasons of solubility and 
uniformity of results, the solvent system employed in the analysis of 
all samples prepared throughout this research was a mixture by volume 
of 88 parts of toluene and 12 parts of absolute methanol. The methanol 
(Baker, Analyzed Reagent) is used as received while the toluene (Baker, 
Analyzed Reagent) is purified by distillation, the early fraction 
(containing water) being discarded. Each of the two solvents is freed 
from dissolved oxygen by bubbling through them dry nitrogen prior to 
their mixing. 
The efficiency of the solvent system employed is determined once 
a day by counting a measured volume of toluene-H3 standard dissolved . 
in 20 ml. of the particular system in a sample vial. All sample vials, 
4.5 em. high with a 2.5 em. outside diameter and 1 mm. wall thickness, 
are made of glass and covered with a plastic cup. The toluene-H3 
standard is checked once in two months against a water-H3 standard 
obtained from the National Bureau of Standards. The efficiency of the 
12%. methanoltoluene system employed varies from 7 to 8% (average of 
5 or 6 determinations). For reasons which are discussed elsewhere 
(page 66), the accuracy of the efficiency determination is within 5 per 
cent. 
In cases of liquid samples, a small volume, 0.025 to 0.1 ml. 
measured by means of a microvolumetric pipette, was injected into 7 
to 8 ml. of absolute methanol (Baker, Analyzed Reagent; dried and 
distilled under nitrogen from magnesium methoxide) in a 10 ml. 
volumetric flask, which was then filled to the mark with the same 
solvent by using a capillary pipette. Solid samples, 0.025 to 0.1 g., 
were weighed in tared 10 ml. volumetric flasks in a semimicro 
analytical balance and then dissolved in absolute methanol added to 
the mark. After thorough mix.i.ng, an aliquot of th~ methanolic 
solution, 0.025 to 0.1 ml., was injected into 20 ml. of scintillation 
solution in a sample vial. The latter was covered, stored overnight 
at -6 ° and counted at the same temperature. Counts were collected at 
one minute intervals over a total period of three to ten minutes 
depending on the activity of the samples. The background count was 
determined once or twice a day by placing in the counter few empty 
vials in succession and taking the average count per minute. The 
"specific activity" of the samp;:Les in millicuries per gram (me/g.) 
was calculated as described on the following page. 
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The background count was subtracted from the average count per 
minute to obtain the "average net count" per minute. The standard 
deviation of the average, calculated for few cases by statistical 
formulas such as shown on page 130, was too small ( 0.3 to 0.5%) 
in comparison to the error in the determination of the efficiency. 
Therefore, no values for standard deviation of the average net count 
are given in the individual calculations. The average net count was 
divided by the efficiency factor to obtain the number of "disinte-
grations per minute" of the aliquot counted. Finally, in order to 
obtain the specific activity (me/g.) the number of disintegrations 
was divided by the actual weight of the aliquot counted and by the 
constant 2.22 x 109, representing disintegrations per minute per 
millicurie. The actual weight of the aliquot counted was calculated 
from the original weight of tije sample and consideration of all 
dilutions (performed at room temperature). In cases of liquid samples, 
the speciflic activity was first calculated in millicuries per milli-
liter and this value was then divided by the density (d25) of the 
original sample to give the activity in millicuries per gram. The 
calculations described above oan be summarized in the following 
equation: 
(aver.net count) 1 x 1 
Spec.activity = (efficiency) x 2.22 x 109 (wt.of sample in =me/g. 
aliq. counted) 
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The specific activity was determined in duplicate· and the 
"average specific activity" is given at the end of each pair of 
analyses. All tritiated samples, after having been analyzed in 
duplicate, were recrystallized and again analyzed in duplicate. 
\1henever the average specific activities before and after recrystal-
lization were nearly identical, the average value of all four de-
terminations was taken. The standard deviation of this value was 
calculated by using the statistical equations given on page 130 . To 
obtain the "molar activity" of the material being analyzed, the 
average specific activity was multiplied by the molecular weight of 
the compound. 
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V. APPENDIX 
A. Outline 
In an effort to have further confirmation of the results obtained 
by mass-spectrometric determination of dihydropyran samples containing 
oxygen-18, an attempt was made to analyze the thiosemicarbazone 
derivatives obtained from those samples (pp. 118 & 128). It was 
decided to convert these derivatives to carbon dioxide-o18 samples in 
these laboratories by utilizing the recently developed method of 
Dahn, Moll and Menasse (19). This method involves decomposition of 
the samples at about 300° in the presence of a-phenylenediamine 
(dehydrating agent) and unlabeled carbon dioxide. The latter 
equilibrates with the water-o18 produced during the decomposition and 
is finally enclosed with high vacuum techniques in special ampules 
which can be directly inse.rled in the mass-spectrometer. The instrument 
furnishes the ratio of carbon dioxide of mass 46 to that of mass 44 as 
described previously (page 218). With this ratio available, and the 
weight of the sample and volume of enclosed unlabeled carbon dioxide 
known, calculations described in detail by the forementioned authors 
make possible the determination of the oxygen-o18 content of the 
compound analyzed. Unfortunately, the attempted determination met 
with failure in the present case due to contribution of sulfur 
containing fragments to the peaks corresponding to carbon dioxide-o18• 
Despite this failure, the method appears to be interesting and, therefore, 
is described in full detail in this appendix (Section B) so that it 
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may b~ used in analysis of more fortunate samples. 
During the present research, there was an optimistic early 
anticipation that dihydropyran might not exchange its oxygen for that 
of alumina. In such a case, it would be natural to eventually turn 
from ~2-dihydropyran to the rearrangement of tetrahydrofurfury 1 
alcohol and find which of the two oxygen atoms of the latter is 
eliminated during the exposure to hot alumina. The easiest approach 
was to label the hydro:xyl group of the alcohol with o:xygen-18. This 
can possibly be accomplished by treating tetrahydrofuroic acid with 
water-ol8 followed by reduction with lithium aluminum hydride. 
Another alternative was to convert the acid to tetrahydrofuroamide, 
dehydrate the amide to form tetrahydrofuronitrile, hydrolyze the 
nitrile with water-ol8 and, finally, reduce the carboxyl labeled 
acid with lithium aluminum hydride. The results from the rearrangement 
of b2-dihydropyran-o18 (50% exchange of heavy oxygen) put an end to 
the above investigation. However, some of the preliminary experiments 
perfor.med may still prove useful in future work and, therefore, are 
described in detail in this appendix (Section C). The synthesis was 
interrupted after the preparation of tetrahydrofuroic acid and the 
corresponding amide. Wilson (128) converted the amide to nitrile in 
excellent yields by dehydration over silica gel or sodium phosphate. 
Hydrolysis of the nitrile with heavy water and reduction of the acid 
with lithium aluminum hydride would probably proceed readily to 
ultimately give the labeled alcohol. Of course, the route via the 
nitrile can be avoided if excess water-o18 is available for direct 
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equilibration of the acid. 
In discussing the possibilities of preparing 5-hexen-l-ol-o18, 
a method was mentioned involving preparation of the E-toluenesulfonate 
of the unlabeled alcohol and subsequent alkaline fission with water-ol8 
(page 21). Although its cleavage was not attempted, the ester was 
prepared in good yield as described in Section D of this appendix. 
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B. Attempted Determination of Oxygen-18 in Thiosemicarbazone Deriva-
tives from 62-Dihyctropyran-o18 
1. Preparation of a-Phenylenediamine Monohydrochloride 
The procedure followed in this preparation was essentially that 
of Kuhn and Zumstein (49). 
In a one liter wide~outhed Erlenmeyer flask was placed a solution 
of 5.4 g. (0.05 mole) of ~phenylenediamine (Eastman Kodak, Practical; 
recrystallized twice from a 1:1 mixture of chloroform and light 
petroleum ether; m.p. 102-103°) in 80 ml. of anhydrous methanol (Baker, 
Analyzed Reagent). To this solution was added 9.12 g. of 20% aqueous 
hydrochloric acid (0.05 mole HCl). The reaction mixture was then 
treated with approximately 500 ml. of ether, which caused precipitation 
of a white crystalline material. The flask was allowed to remain in 
the refrigerator for about one ho~r and the product was separated by 
suction filtration, washed with 50 ml. of anhydrous ether and air-
dried for one hour. The yield of the £-phenylenediamine monohydro-
chloride (slightly pink needles) was 6.85 g. (95%). 
Analysis 
Calculated for C6~N2Cl: C, 49.83; H, 6.27; N, 19.37; Cl, 24.52 
Found: C, 49.9 ; H, 6.3 ; N, 19.1 ; Cl, 24.3 
2. Decomposition of Oxygen-18 Samples in Presence of a-Phenylene-
diamine Monohydrochloride and Unlabeled Carbon Dioxide 
The following procedure was adapted from that of Dahn, Moll 
and Menasse (19). 
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Apparatus and Calibrations. The apparatus consisted of the high 
vacuum line shown in Fig. 4 (page 217) and of the carbon dioxide 
supplying and measuring assembly illustrated in Fig. 5 (page 237). 
The latter assembly consisted of a volume measuring part (M), limited 
between two high vacuum stop-cocks (Sl and s2), a supplying reservoir 
(R) of approximately 100 ml. capacity, and a pressure adjusting 
system made of two flasks (F1 and F2) which were connected with 
rubber tubing. The function of the pressure adjusting system, which 
was filled with mercury as shown in the illustration, was to bring the 
carbon dioxide content of the reservoir to atmospheric pressure by 
moving the levelling flask F2• The volume of the measuring part (M) 
was detennL~ed by weighing at least four times with and without mercury 
(Doe and Ingalls, "triply distilled"). This is a delicate process and 
care should be taken to keep the glassware clean and dry, and also avoid 
enclosure of mercury within the holes of the limiting stop-cocks. The 
volume, calculated from the weight and the density of the mercury 
(average weight of Hg = 34.211 g., density at 22° = 13.5413) was found 
to be 2.526 ml. The carbon dioxide supplying and measuring assembly 
was connected to the outlet of the high vacuum line bearing the stop-
cock v5 (page 217). A large differential manometer (one meter high ; 
filled one half its height with mercury) was connected to one of the 
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two outlets in the extreme right horizontal part of the vacuum line 
(controlled by valve v2). 
A cylindrical electric furnace, 21 em. long and with an opening 
1.5 em in diameter, was placed vertically after closing its lower end 
by inserting a 2 em. thick asbestus plug. A glass tube (Pyrex), 
15 em. long and 5 mm. in inner diameter, was sealed at one of its 
ends and placed in the furnace so that its sealed end could rest on 
the asbestus plug. The furnace was then calibrated by inserting a 
thermometer in the glass tube all the way to its bottom, covering the 
exposed part of the upper furnace opening with a plug of glass wool, 
and recording the temperature at 3 hour intervals at several settings 
of the current controlling dial of the furnace. The process was 
continued until a constant temperature r eading of about 300° was found 
(there was no special dial reading; instead, a mark was drawn for 
future use). 
Procedure. A piece of glass tube made of Pyrex, ca. 15 em. 
long, 5 mm. in inner diameter, and 1 mm. wall thickness, was drawn into 
a conical tip approximately 3 em. long and sealed. Since this tip 
would be finally broken, the glass at that part was not too thick 
walled. This tube was thoroughly cleaned, dried overnight in an oven 
at 110°, and weighed in a semimicro analytical balance to the fourth 
decimal figure. A sample of thiosemicarbazone from unrearranged 
dihydropyran-o18 (page J I 8 ) and some a-phenylenediamine monohydro-
chloride were placed and weighed in succession in the sample tube. 
The amount of sample is roughly estimated prior to the accurate 
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weighing to correspond in oxygen ccntent to that of the carbon 
dioxide enclosed in the measuring device previously described 
(dilution of o18: ca. 1:1). The amount of the hydrochloride can be 
anywhere from 3 to 5 times heavier than the sample. In the present 
case, the weight of the sample was 47.35 mg. and that of the hydro-
chloride 115.12 mg. The tube was then narrowed and thickened in 
the proximity of its open end (in a preparation for its final sealing). 
A second sample (42.32 mg.) of the same thiosemicarbazone, and a 
duplicate (39.38 mg. and 40.35 mg. respectively) of the thiosemi-
semicarbazone from rearranged dihydropyran (page /28) were prepared 
in exactly the same manner. 
Carbon dioxide was purified as follows: A tank of carbon dioxide 
was connected to the second outlet at the right horizontal part of the 
vacuum line, and two clean flasks were connected to the outlets bearing 
the valves v3 and v4 respectively. While maintaining the stop-cocks 
S3 and v2 closed and all other valves of the system open, the assembly 
was evacuated. Then, a Dewar flask with liquid nitrogen was placed 
under one of the empty flasks, the valve v1 was closed, v2 was opened 
and carbon dioxide was allowed to fill the system and condense in the 
cooled flask. The .system was isolated from the tank by turning the 
stop-cock v2 s o that connection with the differential manometer was 
reestablished. The line was again evacuated while maintaining the 
cooling bath under the flask with the solid carbon dioxide. In this 
operation, the part of the assembly between the surface of the mercury 
in flask F1 and the stop-cock s3 was evacuated from enclosed air by 
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carefully controlling this stop-cock so that the mercury rose and 
filled the gap without entering the supplying vessel (R). Then, by 
closing again the valve v1, the Dewar flask was removed and placed 
under the second empty flask until the carbon dioxide had sublimed 
into it from its former container. The line was again evacuated and 
the process of purification by subliming carbon dioxide from flask to 
flask was repeated 5 times with an equivalent number of evacuations. 
Finally, the Dewar flask was removed and carbon dioxide was allowed 
to fill the whole system (to the right of valve V1) including the 
part between stop-cock s3 and the mercury (latter was pushed back 
due to the pressure developed by the incoming gas). The flask with 
the solid carbon dioxide was isolated from the system, and the 
levelling flask F2 was _· moved vertically .so that the mercury of the 
differential manometer was brought to the same level in both of its 
scales, thus ensuring enclosure of the gas under one atmosphere 
(770 mm. at the time). At that point., the stop-cocks s1 and s2 were 
turned off so that the enclosed volume of carbon dioxide could be 
used for the preparation of the final sample. 
The tube with the sample was connected to one of the outlets 
of the line through a joint reducing adapter, similar to A1 of Fig. 4 
(page 217 ), and cooled by liquid nitrogen in a Dewar flask. The line 
was evacuated until a vacuum of lo-4 mm. was obtained, the valve v1 
was closed, s1 opened and the measured volume of unlabeled carbon 
dioxide was allowed to condense into the sample tube, which was then 
sealed off at its narrowed upper part. The other three samples were 
prepared in much the same way by refilling the line with carbon 
dioxide from the reservoir and adjusting the pressure by lifting 
the levelling flask F2• 
Each of the four sample tubes was placed in the furnace, their 
tips up, and allowed to remain for 3 hours at approximately 300°. 
After cooling, the carbon dioxide content of those tubes was trans-
ferred in each of four final sample tubes as follows: Four tubes, 
made of Pyrex glass and having 14/20 standard taper female joints at 
one of their ends, were narroedd and thickened right below these 
joints, while their other ends were pulled into capillaries and 
sealed. The dimensions of these tubes were 10 em. between the 
narrowed part and the beginning of the capillary with a capillary 
length of about 5 em. The diameter of the main tube was approximately 
1.5 em. The tube containing the decomposed sample was fastened to 
one of the outlets of the high vacuum line bJ means of a piece of 
a thick rubber tube connecting the tip of the tube with the narrow 
j oint of an adapter similar to A1 (page 217 ). The empty sample tube 
was connected to a neighboring outlet , and the system was evacuated 
until a vacuum of lo-4 mm. was obtained. During the evacuation the 
empty tube was heated for some time by moving a flame from a Bunsen 
burner so that traces of moisture could be removed. Finally, the 
capillary and part of the tube was immersed in a liquid nitrogen 
bath, valve v1 was turned off, and the tip of the tube containing the 
decomposed sample was broken. Cooling was maintained until the carbon 
dioxide had condensed completely, as indicated by restoration of the 
236 
manometer reading to that before the operation (lo-4 mm.), and then 
the tube was sealed off at its upper part. The same process was 
repeated for the other samples. 
One of these samples was analyzed for oxygen-18 at the 
Massachusetts Institute of Technology (*). Unfortunately, no con-
clusion as to the concentration of oxygen-18 could be reduced because 
of interference of sulfur containing fragments (page 39). 
(7~) Mass-spectrometric determination by Dr. K. Biemann. 
FIGURE ? 
CARBON DIOXIDE SUPPLYING D MEASURING DEVICE 
·Rubber 
tubing 
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C. Preliminary Experiments on the Synthesis of HydroxYl Labeled 
Tetrahydrofurfuryl Alcohol-ol8 
1. Tetrahydrofuroic Acid 
c J CHzOH 
0 ~OH 
2.38 
The preparation of tetrahydrofuroic acid by oxidation of tetra-
hydrofurfuryl alcohol with potassium dichromate in sulfuric acid was 
reported by Katsumo and Ando (4.3). Because of the lack of that 
report in experimental details (patent), the present preparation was 
based on the general procedure described by Vogel (118). 
In a 500 ml. three-necked flask, equipped with a magnetic 
stirring bar, dropping funnel, condenser and thermometer, was placed 
50 g. (0.17 mole) of potassium dichromate (Baker, Purified Reagent) 
along with 100 ml. of distilled water. Tetrahydrofurfuryl alcohol, 
51 g. (0.5 mole; Purified as described on page 84), was dissolved in 
small portions in an ice-cold mixture of .35 ml. of concentrated 
sulfuric acid and 22.5 ml. of distilled water in a 250 ml. Erlenmeyer 
flask. Care must be taken to maintain the temperature of aqueous 
sulfuric acid below 5° during the dissolution of the alcohol in order 
to avoid destruction of the latter due to the heat produced in this 
exothermic process. This solution was then transferred to the 
dropping funnel of the previously described assembly and added 
dropwise with stirring over a period of one hour. The rate of the 
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addition was controlled so that the internal temperature did not rise 
above 40°. Stirring was maintained for an additional 30 minutes 
after the addition had been completed. The dark green reaction mixture 
was filtered with suction into a 500 ml. round bottomed flask and the 
filter cake, a green paste, was rinsed with 75 ml. of distilled water 
which was combined with the main filtrate. The latter was subjected 
to continuous extraction with 300 ml. of ether for 24 hours. The 
ether extract was dried for 3 hours over anhydrous magnesium sulfate, 
and the ether was removed by distillation from a water bath at 20° 
with suction from a water pump. The residue, a pale yellow oil 
consisting of unreacted alcohol and product, was transferred into a 
one-piece distilling un~t with a 10 em. Vigreux column and distilled 
under reduced pressure from an oil bath. By maintaining the 
temperature of the bath at approximately 900, a fraction consisting 
exclusively of unreacted tetrahydrofurfuryl alcohol (18 g.) was 
collected at a boiling point of 58-59° (9-10 mm.), nD25 1.4465. 
The bath temperature was then raised to 120-125° and the product was 
collected at a boiling point of 95-102° (0.5 mm.), nn25 1.4585. The 
crude acid (containing traces of tetrahydrofurfuryl alcohol) was 
transferred into a smaller distilling unit and distilled again under 
reduced pressure. After a small forerun the yield of tetrahydrofuroic 
acid, b.p. 98-100° (0.5 mm.), nn25 1.4620, was 14.5 g. (25% on the 
starting alcohol or 38.6% after correction for recovered tetrahydrofur-
furyl alcohol). Katsumo and Ando (43) report b.p. 145° (21 mm.); 
Wilson (128) reports (~*") b.p. 118-120° (18 mm.). 
(*) From catalytic reduction of furoic acid. 
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2. ~-Phenylphenacyl Ester of Tetrahydrofuroic Acid 
o~ 
0 
Tetrahydrofuroic acid was converted to its ~phenylphenacyl 
ester by the general procedure described by Shriner and Fuson (93). 
Tetrahydrofuroic acid, 9.3 g. (0.008 mole) was placed in a 
50 ml. round bottomed flask along with 5 ml. of distilled water. 
The mixture was neutralized to litmus by adding dropwise a 10% 
aqueous sodium hydroxide solution, and then slightly acidified by 
adding one or two drops of 10% sulfuric acid. Two grams (0.008 
mole) of ~phenylphenacyl bromide (Eastman-Kodak, '~lhite Label") 
and 20 ml. of 95% ethanol were added, the flask was fitted with a 
condenser, and the mixture was refluxed for one hour. A yellow solid 
began to separate upon interruption o~ the heating. Five milliliters 
of 95% ethanol was added, the mixture was heated again until nearly 
all the solid had dissolved, and then filtered from suspended 
impurities through a sintered glass funnel into a 50 ml. Erlenmeyer 
flask with suction from a water pump. Crystallization started within 
about 5 minutes. The flask was then allowed to stand in the 
refrigerator for one hour. The product, shiny yellow plates, was 
collected by suction filtration, washed with 2-3 ml. of ice-cold 
ethanol and dried overnight in a vacuum desiccator over phosphorus 
pentoxide. After two recrystallizations from a minimum amount of 95% 
ethanol the yield of the ester, m.p. 77-78.5°, was 1.8 g. (71%). 
Analysis Calculated for C19H1g04: C, 73.53; H, 5.85 
Found: C, 73.7 ; H, 6.0 
3. Ammonium Tetrahydrofuroate 
ether ) 
Tetrahydrofuroic acid, ll.6 g. (0.1 mole) was dissolved in 
100 ml. of anhydrous ether (dried for several days over sodium)in 
a 250 ml. Erlenmeyer flask. The flask was cooled in an ice bath and 
ammonia (Coleman, Anhydrous) was bubbled through the solution by 
immersing an inlet tube through a two-hole cork, the second opening 
of which had been fitted with a calcium chloride tube. A white solid 
precipitated immediately. Introduction of ammonia was continued until 
there was no further precipitation. This was checked by interrupting 
the stream of ammonia temporarily, allowing the solid to settle, and 
again passing ammonia through the clear supernatant liquid. The 
white crystalline product was collected by suction filtration under 
an atmosphere of nitrogen (flowing through an inverted filter funnel) 
and stored in a desiccator over Drierite. The yield of ammonium 
tetrahydrofuroate (physical constants not recorded) was 13.2 g. or 
approximately 100 per cent. 
4. Tetrahydrofuroamide 
NH3/230-240o ~ 
-HOH 
The procedure followed in this preparation was essentially 
that of ~ilson (128). 
Twelve grams (0.09 mole) of ammonium tetrahydrofuroate was 
placed in a 50 ml. 2-necked flask fitted with a one-piece distilling 
head (10 em. Vigreux column and condenser), and a standard taper 
adapter having an inlet tube for introduction of ammonia. The flask 
was then heated in a Wood's metal bath to approximately 230-240° with 
a slow stream of ammonia bubbling through the melted ammonium salt. 
After about 10 minutes, water began to distill slowly. The process 
was continued for about 30 minutes until approximately 2 ml. of 
water had been collected. The circulation of ammonia was then 
interrupted, the inlet tube was replaced with a capillary bubbler, 
and the product was distilled under vacuum after lowering the tempera-
ture of the bath to about 160-170°. During this distillation the 
condenser was heated by passing steam through its jacket. The amide 
distilled at 132-135° (10 mm.) and soon solidified into a white 
compact mass. Plugging of the adapter bearing the receiving flask 
was avoided with occasional heating with the gentle flame from a 
Bunsen burner. The yield of the product, m.p. 77-79°, was 9.2 g. 
(80%). One recrystallization from a minimum amount of a 1:1 mixture 
~5 
of benzene and ether afforded 8.75 g. (76%) of white flasks melting 
at 77-5-79°. Wilson (128) reports b.p. 134-136° (10 mml.) and 
m.p. 78-79°. 
Analysis 
Calculated for c5H9oz~: c, 52.16; H, 7.88; N, 12.16 
Found: C, 52.2 ; H, 7.9 ; N, 12.2 
D. £-Toluenesulfonate of 5-Hexen- 1- ol 
The procedure followed in this preparation was adapted from 
the general ethod described by Timson (111). 
In a 500 ml. Erlenmeyer flask was placed 10 g. (0.1 mole) of 
5-hexen-1-ol along with 100 ml. of pyridine (purified as described 
on page 84). The flask was tightly stoppered with a rubber stopper 
through which a thermometer was inserted and the solution was cooled 
to -5° in an ice-salt bath . To the cold solution was added in one 
portion 22.9 g. (0.12 mole) of E-toluenesulfonyl chloride (Eastman 
Kodak, "White label"), the flask was stoppered again, and the suspension 
was swirled gently by hand until all the solid had dissolved. The 
solution was allowed to remain at 0° for two hours, and then 10 ml. 
of distilled water was added through a burette in portions of 1,1,1,2, 
and 5 ml. at 5-minute intervals with swirling and cooling so that the 
temperature did not rise above 5°. The solution was diluted with 
100 ml. of ice-cold water, 1ihich caused the separation of an oily 
material. The mixture was extracted 3 times with 100 ml. portions 
of chloroform, and the combined chloroform extracts were washed 
successively with 50 ml. of ice-cold 6N. sulfuric acid, an equal volume 
of water, 100 ml. of 5% aqueous sodium bicarbonate and again with 50 ml. 
of water. At the end of this treatment there was no detectable pyridine 
~7 
odor. The solution was allowed to dry for two hours over anhydrous 
magnesium sulfate, and the solvent was removed by distillation under 
reduced pressure from a steam bath. The residue, a yellow oil, was 
then distilled under reduced pressure from an oil bath at 160-170°. 
After a small forerun a colorless oil was collected at a boiling point 
of 133-134° (0.15 mm.). The yield of the ester, Which had a re-
fractive index nD25 1.5080, was 20.8 g. or 82 per cent. 
Analysis 
Calculated for C13H18S03: C, 61.38; H, 7.13; S, 12.61 
Found: C, 61.3 ; H, 7.0 ; S, 12.7 
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ABSTRACT 
Earlier work has shown that alumina at 350° acts on tetrahydro-
furfu~l alcoho+ labeled at its external methylene group with carbon-lL, 
as well as on dihydroP,Yran (~ 2-dihydroP,Yra~labeled at its 6 position 
with carbon-14 to produce an equimolecular mixture of dihydroP,Yran-
2-C~ 4 and dihydroP,Yran-6-C~4 . The present work inquires into the 
possibility of oxygen and of hydrogen exchange in dihydr oP,Yran in 
contact with alumina under the same conditions. 
DihydroP,Yran-0~ 8 was synthesized for use in oxygen exchange 
experiments . Tetrahydrofurfu~l chloride, prepared from the corres-
ponding alcohol with thionyl chloride and P,yridine , was treated with 
sodium to give h- penten-1-ol. This alcohol was converted to 1- bromo-
4-pentene with phosphorus t r ibromide in pyridine . Reaction of the 
Grignard derivative of the bromo compound with formaldehyde-0~ 8 gave 
5-hexen-1-ol-o~s · The labeled formaldehyde was obtained qy pyrolyzing 
labeled paraformaldehyde , which in turn was prepared from ordina~ 
paraformaldehyde ~ depolymerization to formaldehyde , exchange of 
oxygen with water- 0~8 , and repolymerization . A mixture of 5-hexen-
1-ol-0~8 and 5-hexen-l-ol-l-C~ 4 was ozonized and the product 
dehydrated to give dihydroP,Yran labeled with oxygen-18 and (at position 
6) with carbon- lL. 
Exposure of this dihydroP,Yran to alumina at 3~0°, in confirmation of 
previous results, furnished dihydroP,Yran with almost equal amounts of 
carbon-lL at positions 2 and 6. The same sample of treated dihydroP,Yran 
contained only about half of the original oxygen-18. Accordingly, 
oxygen exchange does occur over alumina . 
That hydrogen exchange also takes place was established by the 
fact t hat ordinary dihydroP,Yran, after exposure to alumina that had 
been pretreated with tritiated water, contained tritium . Degradation 
showed that the tritium was located only at the dihydropyran 3 and 
~ positions . Alumina is required for the tritium exchange, since no 
tritium was inserted on exposing dihydropyran plus tritiated water 
to glass wool at 350°. 
The facts available are consistent with the simultaneous oper-
ation of two pathways, both leading to hydrogen exchange at positions 
3 and ~ as well as to carbon exchange between positions 2 and 6 but 
only one leading to oxygen exchange. The mechanism with oxygen 
exchange calls for protonation at position 3 followed by ring opening 
and formation of a ~-hydroxypentanal-alumina complex similar to the 
one encountered in Meerwein- Pondorff- Verley processes . A shift of 
hydride from position 6 to position 2 is tantamount to an interchange 
of aldehyde and hydroxyl functions . Finally, reversal of the process 
by which the complex is formed regenerates dihydroP,Yran, now with the 
double bond shifted to the other side of the ring . 
This scheme predicts that the degree of oxygen exchange occuring 
under conditions that lead to complete carbon exchange at positions 
2 and 6 should be considerably greater than 50% . Yet, it was found 
that only approximately half of the oxygen had exchanged in material 
in which the carbon process had reached completion. 
Another concurrent process can account for the faster carbon 
exchange relative to oxygen exchange . Here, again protonation would 
occur at position 3. Rearrangement of the resulting carbonium ion 
by way of shift of hydride ion from position 6 to position 2, then 
regeneration of dihydroP,yran by loss of proton from the original 
position 5 would complete the process . This mechanism permits 
exchange of carbon without exchange of oxygen and provides an 
interpretation of the observed results . 
From the tritium experiments, the appearance of tritium only 
at positions 3 and 5 eliminates the possibility of double bond 
migration around the carbon chain of the dihydroP,yran ring. This 
conclusion is in agreement with the earlier observation that 
il3 - dihydroP,yran, an intermediate in this kind of migration, 
fails to give ~2 -dihydroP,yran over hot alumina . 
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